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Elementary function of fluids in being able to flow and deform continuously is an 
important field of study variously known as rheology. Understanding of such 
characteristics provides benefits for not only being able to control and understand 
fluid dynamics following an exposure to force. In a simple fluid, a shear stress exposed 
on a small fluid element causes the fluid to deform. The rate of the deformation that 
is proportional to the shear stress is referred to as Newtonian fluid. This rheological 
response reflects the intrinsic structure of the fluid from internal friction amongst the 
fluid. Unlike simple fluid, mechanical responses of many biological fluids are more 
complex due to their heterogeneity in structure. In addition, these mechanical 
behaviours are often relevant to the biological functionality of the fluids. For example, 
human whole blood exhibits a shear-thinning characteristic in which its viscosity 
decreases according to a progressive rate of change in velocity or shear rate. When the 
blood is at rest, viscosity dramatically increases due to ongoing coagulation processes 
to prevent and stop bleeding injuries. Several methodologies have previously been 
developed and demonstrated in measuring of such rheological characteristics.  
 
This thesis exploits the emerging technique of differential dynamic microscopy (DDM) 
for quantitative rheological assessment of biological fluids using simple implementation 
of passive microrheological measurements. Improvements have been carried out to 
achieve and quantify reliable results. Firstly, time-stamps of every acquiring images 
associated more accurate dynamic (time-based) information for the typical DDM to 
analyse. In addition, the use of a near-infrared illumination source allowed human 
whole blood experiment (overcoming visible light absorbance of the blood.)  
Finally, the thesis implemented a direct conversion approach to eliminate high 
frequency artefacts of the obtained viscoelastic moduli from using generalised Stokes-
Einstein relation. In order to determine the fluid viscosity the Cox-Merz relationship 
 iii 
was adopted. Apart from rheological measurement, the developed device was 
successfully use to also determine particle size distribution of both colloidal particles 
and cells from the measurement data, applying a numerical inversion which was a 
non-negative least square approach. 
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Chapter 1  
Introduction 
The complexity of biological systems is extraordinary. Many biological fluids are 
highly heterogeneous and the dynamics of the fluids is an important biological 
parameter [1]. For instance, human whole blood contains several components such as 
red blood cells (RBCs), white blood cells (WBCs), plasma, and platelets. When the 
blood is at rest, RBCs are aggregated and form complex 3D structures called a 
rouleaux [2]. However, the rouleaux can be broken apart by imposing a shear force. 
This prominent behaviour of the RBCs play an important role in the flow behaviour 
of the whole blood as the RBCs are the main cellular component, representing 
approximately 40-45% by volume.  
 
The study in flow behaviour of the blood and its formed elements, known as 
haemorheology, has been found to associate with many haematological disorders in 
many studies [3]–[6]. For example, the RBCs are rigid and lose their deformability in 
sickle cell disease, [7] increasing the whole blood viscosity in comparison to normal 
blood by up to fifty times [8] as illustrated in Figure 1.1. 
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Figure 1.1. Shear viscosity obtained by simulation (dash lines) and experiment (solid lines) of whole 
blood samples with different cell shapes (Image taken from [9]). 
 
The increase of blood viscosity, or hyper-viscosity, can also be used as an indicator of 
inflammatory activity [10] as shown in Figure 1.2.  
 
 
Figure 1.2. Pathorheology (rheological pathology) due to inflammatory (Image taken from [11]). 
 
Haemorheology is also broadly related to blood coagulation process or haemostasis. 
Typically, the process is relevant not only to RBC behaviuors but also to those for 
plasma proteins and platelets. When a blood vessel is injured, muscle in the vessel 
wall contracts near the injury point. Chemicals released from the injured cells activate 
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nearby platelets to an aggregation called platelet plug [12]. This process lets the 
activated platelets become “spikey” and stick to each other at the injury point. 
Subsequently, fibrinogen in the blood plasma is converted to fibrin that forms a mesh 
to trap the platelet plug and the RBCs, producing a clot as illustrated in Figure 1.3. 
Furthermore, the study of haemostasis helps to understand many diseases, especially 
vascular disturbances in the chronically or critically ill [13].  
 
  
Figure 1.3. Haemostasis and the process of blood clotting (Image taken from [12]). 
 
Rather than haemostasis, accessing the rheological properties of the cell membrane 
can also allow quantitative descriptions of various pathologies. The viscoelastic 
membrane plays an important role in holding the biconcave shape of RBCs [14]. Hence, 
diseases such as spherocytosis, malaria, and sickle cell anaemia affect the RBCs 
morphology and their dynamic properties [15]. In addition, the mechanical responses 
of cells allows the identification of cell phenotype (including for example cell 
differentiation).  
 
Generally populations of cells are highly heterogeneous in both their biophysical and 
biochemical make-up. The study of single cells brings about important information 
that can be hidden in population-level values when many cells, with different 
properties are present. For instance, cancer cells are more flexible than other regular 
cells, and can migrate and invade to other tissues, with each cell having very varied 
properties [16], [17]. Thus, the characterisation of single cell properties [18] is 
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extremely time and data-intensive, and coupled with the characterisation of 
rheological properties of biological fluids provides highly relevant understanding of 
changes in physiology and the mechanism of disease. As a result, the development of 
robust measurement methods would provide further improvements in disease 
diagnostic and treatment. 
 
In rheological characterisation, conventional mechanical rheometry provides an 
average measurement of a large amount of sample [19]. By applying a force to a 
sample, the resistance to the force can be monitored and inferred to the corresponding 
rheological responses. In biotechnology and clinical analysis, biological specimens are 
often difficult to extract and synthesize in large quantities [20]. In addition, their 
performance can vary under different laboratory conditions [20]. Moreover, assembling 
of these small biological components is difficult as they can interact with one another 
and affect their physical mechanisms [21]. This limitation has led to the development 
of the field of microrheology, which holds a key benefit from sampling only microliters 
sample volumes. In microrheology, microparticles are often added to the sample in 
order to monitor and record their movements. These movements are numerically 
converted to yield the rheological responses of the sample.  
 
Microrheology can be divided into two broad fields, namely active and passive 
implementations. In active microrheology, the rheological responses are measured from 
an applied external force to the probe particles. As a result, this approach extends the 
measurable range to materials with higher modulus compared to passive rheology [22]. 
However, this ability leads to costly and complex systems as it needs a dedicated 
system to control the exerted force. In contrast to active microrheology, passive 
rheology relies only on thermal motion (𝐾! ∙ 𝑇) of colloidal particles resulting in a 
much more simple configuration. By tracking particle motion [23] or light scattering 
analysis [24], [25], the mean square displacement can provide the mechanical properties 
of the surrounding medium. In addition, the result of this method is always within 
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linear viscoelastic regime because of no external stress is applied. This will be discussed 
in more details in the following paragraphs.  
 
Innovative microrheology assessment has been exploited and demonstrated in various 
devices such as dynamic light scattering (DLS) [26]–[28], diffusive wave spectroscopy 
(DWS) [28]–[30], and video particle tracking (VPT) [28], [31]. These devices rely on 
passive microrheology from having probe microparticles embedded in a fluid sample. 
The probe experiences Brownian motion such that a time-dependent mean square 
displacement (MSD) of the probe can be evaluated. In particular, the MSD is described 
by 〈∆𝑟"(𝑡)〉 ≡ 〈|𝑟(𝛿 + 𝑡) − 𝑟(𝛿)|"〉 [32], [33], where 𝑡 is the fixed lag time, and	𝑟(𝛿) is 
the position of a particle at specified time 𝛿. A generalised Stokes-Einstein relationship 
(GSER) [34] is then employed to convert the MSD to viscoelastic property, which is 
a measure of mechanical property lies between elastic (storage modulus G’) and 
viscous (loss modulus G’’) responses, as detailed in Chapter 2. A more recent approach 
combines scattering and microscopy in a single device called differential dynamic 
microscopy (DDM) [35]–[38]. This approach analyses microscopic images to perform 
light scattering experiment without the need for a microscope. In addition, a further 
development of the DDM allows for manipulating passive microrheology measurement 
to evaluate viscoelastic behaviours of sample fluids [39], [40]. These behaviours can be 
converted to a steady-shear viscosity which is comparable to the measurement done 
in a mechanical rheometer [41]. 
 
1.1. Conventional techniques in microrheology 
1.1.1. Video particle tracking 
Video particle tracking employs a digital video-microscopy to record the movement of 
probe particles embedded in a fluid as illustrated in Fig 1.4.  
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Figure 1.4. A schematic diagram of video particle tracking procedure. Probe particles are used in a 
sample fluid, then, images of their movement according to Brownian motion are recorded by using a 
light microscope. This system locates all the particles from the recorded images and monitors the 
movements to obtain mean square displacement <Dr2(t)> for estimating viscoelastic properties. 
 
In general, digital image analysis is applied to the recorded video to obtain the 
trajectory of the particles as a function of time, as their mean square displacement. 
This statistic parameter can be converted to viscoelastic properties using GSER [23]. 
Nevertheless, the accurate recording of time and motion are crucial during the particles 
movements [42]. Time and image resolution depend on the capturing hardware and 
tracking algorithm used. For the time resolution, image acquisition should be fast 
enough to be able to track movements of multiple particles. In addition, image 
resolution needs to be high so that the micron-size particles can be seen and located 
with precise position. Besides, the optical resolution relies on the magnification of the 
microscopy used in the study. Thus, the particles smaller than the resolving power of 
the microscope are undetectable and become untraceable by this technique.  
 
An example of video particle tracking was for studying lubricin protein in synovial 
fluid, also known as a joint fluid. Individual genetic deficiency of lubricin production 
may result in the development of precocious joint failure. In the study, fluorescent 
particles size of 200 nm were added and used as probe particles in normal and lubricin-
deficient synovial fluid samples. The mean square displacement and viscoelastic 
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behaviour were investigated as shown in Figure 1.5. This study found that the lubricin 
contributed to the elastic absorption as it provide lubrication functionality to the 
synovial fluid. The obtained viscoelastic modulus was reported in good agreement with 
mechanical rheometer as shown in Figure 1.5 (b). 
 
  
Figure 1.5. The role of lubricin in synovial fluid rheology investigated using particle tracking 
microrheology [43]. (a, left) the obtained mean square displacement of normal synovial fluid (bovine 
synovial fluid;BSF) and lubricin-deficient synovial fluids (enzyme (trypsin)-treated BS;ET-BSF,and  
patient-derived camptodactyly-arthropathy-coxavara-pericarditis synovial fluid;CACP-HSF). (b, 
right) Comparison of particle tracking microrheology and rheometry of storage (G’(w)) and loss 
moduli (G’’(w)) for the BSF. 
 
1.1.1. Dynamic light scattering 
 
Figure 1.6. A typical dynamic light scattering configuration (images inspired by [9]). 
from its role as a boundary lubricant. We also demonstrate that
MPTM and standard viscometry yield comparable results when
applied to synovial f luid. We suggest that MPTM will be a useful
tool for measuring biophysical properties of clinical samples,
without strain and with using very small sample volumes.
Results
The Diffusive Behavior of BSF. The diffusive behavior of synovial
f luid was studied by quantifying the random walk behavior of
introduced tracer particles (Fig. 1). This method also permitted
indirect measurements of viscoelastic behavior as described in
Eq. 1 (see Methods). The diffusive behavior of particles in
synovial f luid was characterized by measuring the ensemble-
averaged mean-squared displacement (MSD) [!r2(!)"], a time-
dependent quantity that is related to the diffusion coefficient (D)
by !#r2(!)" $ 4D!, where ! is the lag time, a measure of the
amount of time elapsed between MSD measurements. For
Newtonian fl ids, the MSD has a linear relationship with the lag
time, whereas for non-Newtonian fluids this relationship is
nonlinear. Measuring the MSD across a range of lag times
reveals the non-Newtonian behavior of synovial f luid, which is
characterized by a slope lower than unity at short lag times.
At long lag times (! % 300 ms), the diffusive behavior of
particles in BSF was similar to that of an 80% (wt/vol) glycerol
solution. The logarithmic curve of the MSD with respect to lag
time was linear with slopes (") of 0.9 for BSF and 1.0 for glycerol
(Fig. 2). At shorter lag times (! & 300 ms), BSF exhibited a
subdiffusive behavior, in that the slope of the curve became less
than unity, closer to 0.6 (Fig. 2). Eighty-percent glycerol con-
tinued to exhibit linear behavior at shorter lag times. The
difference in behavior between BSF and 80% glycerol at shorter
lag times likely reflects particle trapping by the HA network in
BSF. When BSF was diluted with 80% glycerol, the subdiffusive
behavior decreased (Fig. 2). As BSF made the transition from a
‘‘semidiluted’’ to a dilute solution (i.e., 25% BSF by volume), the
fluid behavior became increasingly diffusive at the short lag
times. This result is best explained by the reduced concentration
of synovial f luid HA no longer being able to promote polymer
entanglements. At longer lag times the particles are able to
diffuse through the network at rates limited by the viscosity of
the fluid and, to a lesser extent, the network organization. This
result may be seen in Fig. 2, where it is observed that although
BSF was increasingly diluted to 25% of its physiological con-
centration, particle entanglement still occurred at higher lag
times.
Lubricin Influences Synovial Fluid Mechanics. To determine whether
the concentration of HA polymers alone is sufficient to cause the
subdiffusive behavior of synovial f luid, we examined the diffu-
sive behavior of particles in BSF, in BSF that had been digested
with trypsin, and in synovial f luid from a patient with CACP
whose HA concentration was normalized. Trypsin will not affect
the integrity of HA molecules but will digest synovial f luid
protein constituents, including lubricin, that could promote HA
polymer entanglement. Enzyme (trypsin)-treated BSF (ET-
BSF) adopted a linear relationship with respect to short and long
time lags (" ' 1) (Fig. 2), which is consistent with trypsin
digestion having increased the characteristic mesh size of the
network in the synovial f luid. To study the microrheology of
synovial f luid that is missing lubricin, CACP-hSF was also tested.
The HA concentration in CACP-hSF was equivalent to that of
the other tested samples, so that any changes in network
formation would be attributable to lubricin deficiency. CACP-
hSF at short (! # 300 ms) and long lag times exhibits a purely
diffusive behavior as seen by the MSD with a slope near unity
(Fig. 2), even though the bulk viscosity remained high (see
below). The ability of trypsin digestion to cause the synovial f luid
to lose subdiffusive properties and resemble a simple HA
(polyelectrolyte) solution indicates that the protein constituents
within synovial f luid provide this unique property. More impor-
tantly, the lack of subdiffusive behavior in CACP-hSF, along
with the evidence of a direct interaction between HA and
lubricin (5), suggests that lubricin is a major synovial f luid
protein that provides structure to synovial f luid.
Probability Density Function for the Normalized Displacement of
Individual Tracers. The probability density functions (PDFs) of the
measured displacements, normalized with respect to the lag time
of measurement and zero-shear viscosity and a constant C $
4kBT/6$a, for the individual particles of radius a embedded in
the HA solutions, exhibited the shape of a Poisson distribution
(Fig. 3), as expected for a random walk measured in radial
coordinates. The normalized Einstein–Stokes relation, which
describes each fluid, is illustrated on the abscissa of each plotted
PDF. The reference lag times of 60 (red), 300 (blue), and 600
(green) ms were used to plot the PDF of the displacement for
each sample. The square of the mean for each curve in a
displacement PDF (not shown) is the MSD for the specific lag
time; its change with respect to the different lag times is shown
in Fig. 2. The root MSD (RMSD), which is a measure of the
spread of the tracers, scales with the square root of the lag time
for Newtonian fluids (9), where D is the diffusion coefficient
(D $ kBT/6$%a). Fig. 3 a and b show that the RMSD of both BSF
Fig. 2. Time-dependent MSD of 200-nm beads in BSF, 80% glycerol solution,
ET-BSF, CACP, and BSF diluted with 80% glycerol. The power law with a slope
near unity is exhibited at low and high lag times for all samples except BSF,
which exhibits a slope less than unity (" ' 0.6) for short lag times (! # 300 ms).
Fig. 1. Random walk exhibited by a 200-nm-diameter particle embedded in
BSF from start (a) to end (b) after tracking its position over 12 s. Each pixel
represents 64.5 ( 64.5-nm resolution.







not exist for ET-BSF, providing evidence for an increase in
characteristic mesh size after enzymatic dig stion (data not shown).
The decomposition of the complex modulus into the shear storage
and shear loss moduli showed that at low angular frequencies, G!
dominates the behavior of BSF, ET-BSF, CACP, and UHA,
initially rising with a slope near unity and subsequently approaching
a plateau (data not shown). At higher angular frequencies, G"
dominates G*, crossing over to higher values. This intersection is
the longest relaxation time, which is the time required for induced
stresses to relax. The longest relaxation time exhibited by BSF is an
order of magnitude higher than that of CACP-hSF and UHA
(Table 1). Both the CACP-hSF and UHA solutions exhibited the
expected shear moduli profile of an unentangled polyelectrolyte
solution (17). The CACP-hSF shear moduli resemble those of a stiff
polymer solution. The longest relaxation time for BSF did not
change significantly after proteolytic enzyme digestion (Table 1).
Discussion
Apgar et al. (8) used MPTM techniques to describe the effects
of regulatory proteins on the assembly of actin structures and
subsequently on the heterogeneity and viscoelasticity of semi-
dilute actin solutions. We have used MPTM to provide evidence
of an interaction between lubricin and HA in synovial f luid. Our
results suggest that HA alone does not account for synovial
f luid’s biophysical properties; rather, these properties result
from the interaction between HA and other synovial f luid
constituents, with lubricin seeming to be a major participant in
this interaction.
Xu et al. (18) used MPTM to demonstrate the relationship of
concentration and viscoelasticity in wheat gliadin suspensions.
We used MPTM to demonstrate subdiffusive and elastic behav-
ior of BSF, as evidenced by the particle entrapment of 200-nm
probes at lag times #300 ms (Fig. 2). The purely diffusive
behavior, throughout the range of lag times (Fig. 2), and the
increase in spread (RMSD) of the tracers (Fig. 3b) while having
increased its bulk viscosity (Fig. 4) after enzymatic treatment of
BSF point to an increase in the characteristic mesh size of the
HA molecular network, whereby the probes move with greater
ease through the network. These data show that the thermody-
namics of the HA network in the synovial f luid environment
were not changed significantly, because the digestion of all of the
proteins present in the fluid will lead to a suspension of peptides
and amino acids, maintaining the flexibility of HA filaments and
therefore bulk elasticity.
We found the same result by using patient-derived CACP-hSF
(i.e., the absence of subdiffusive behavior despite increased
viscosity) (Figs. 2 and 4). Assuming that lubricin is the only
missing component in the synovial f luid of patients with CACP
(12), this result strongly supports a direct role for lubricin in
organizing HA molecules within synovial f luid. In the absence of
lubricin, HA adopts a more rigid conformation and is unable to
layer and demonstrate shear thinning. The linear viscoelastic
moduli G" and G! of CACP-hSF were very similar to UHA (data
not shown), suggesting that in the absence of lubricin the
biophysical properties of synovial f luid are no different from that
of purified HA.
The mammalian diarthrodial joint is a complex mechanism
that uses weeping lubrication by articular cartilage (19, 20),
interstitial f luid pressurization (21, 22), and boundary lubrica-
tion of flattened asperities. Lubricin and HA interact on a
bearing surface providing boundary lubrication and do so under
high load (5). What might be the advantages of also having
lubricin and HA interact within synovial f luid? We postulate that
lubricin–HA complexed within synovial f luid is in equilibrium
with similar complexes located within the lamina splendens.
Normally, when load is applied to opposing cartilage surfaces,
synovial f luid and the lamina splendens need to be able to
reversibly deform in an elastic manner. The time it takes for
synovial f luid to release this energy and come to complete
relaxation (i.e., the longest relaxation time) was shorter for
CACP-hSF than it was for BSF. In fact, CACP-hSF behaved like
pure UHA in this regard. Therefore, we conclude that lubricin
enables the synovial f luid network to absorb energy, deform, and
slowly dissipate strain energy. This component of chondropro-
tection is distinct from the component provided by boundary
lubrication. Moreover, the observed small-particle subdiffusive
behavior by the HA network in the presence of lubricin (Fig. 2)
also suggests that lubricin could possibly play a role in creating
an osmotic barrier to small biomolecules, which help maintain
chondrocyte metabolism and joint health.
We have shown that the MPTM technique can be used to
characterize physiologic suspensions of clinical importance. This
technique allows probing of the local environment of complex
fluids and facilitates the study of scarce fluids, because the amount
needed is #100 !l. Analysis of data with this technique, using Eq.
1, yielded results for biophysical properties that are comparable to
those obtained by bulk viscometry methods (Fig. 5), which require
larger quantities of fluid and physical deformation.
In the diarthrodial joint, the synovial f luid/lamina splendens
transitions from a state of stress to a relaxed state, where the
strain energy is dissipated. Thus, entanglements, mediated by
lubricin or its fragments, lengthened relaxation times because of
the elastic contributions of this biomolecule (Table 1). The
lengthened relaxation time is within a physiologic range. It is
possible that the thermodynamics of the HA network in the
synovial f luid environment were not changed significantly, be-
cause the digestion of all of the proteins present in the fluid will
lead to a suspension of peptides, maintaining the flexibility of
HA filaments and, therefore, bulk elasticity. The concentration
of HA, among the samples studied, was normalized and consis-
tent with normal synovial f luid. In this manner the network-
forming molecule was maintained at a controlled concentration,
and any changes in network formation were caused by the
regulatory molecules. CACP-hSF genetically lacks lubricin,
Fig. 5. Comparison of MP M technique and rheometry in measurement of
shear storage modulus (G") and shear los modulus (G!) for BSF. The MPTM
technique recapitulates the observations made by rheometry for G! and more
closely for G".
Table 1. Relaxation times for different samples of synovial fluid
and HA













Dynamic light scattering (DLS) is a light scattering method for recording and 
analysing the scattered light of the particles suspended in a fluid. As illustrated in Fig 
1.6, a monochromatic laser beam is shone onto a sample fluid in which the probe 
particles are. The beam is scattered in all direction when it hits the particles. However, 
only the beam scattered at a specific range of angles is collected via a photon multiplier 
tube (PMT) [44]. Similarly to particle tracking microscopy, DLS makes use of the 
passive microrheology principle in which the particles move due to the thermal force 
𝐾!𝑇.  
 
Time-correlation analysis is performed on the collected light scattering intensity as 
𝑔"(𝜏) = 〈$(&)$(&())〉
〈$(&)〉!
 with 〈. 〉 is the averaging over time	𝑡, 𝜏 represents a lag time, and 
𝐼(. ) is the collected light intensity. Then, this intensity-correlation can be related to 
establishing electric-field correlation 𝑔(𝜏) by Siegert relation in which 𝑔"(𝜏) = 1 +








E is a wave vector with refractive index 𝑛, laser wavelength 𝜆, and 
scatting angle 𝜃 [45], [46]. Following this, viscoelastic property of the suspension can 
be determined using GSER numerical conversion. However, this approach requires 
high sensitivity light collector to capture weak scattered light as it relies on homodyne 
configuration [47]. 
 
DLS has been employed to investigate molecular relaxation of DNA solutions where 
conventional mechanical rheology is impractical [48], as the technique is accessible to 
angular frequency up to 106 s-1, whereas mechanical rheology provides access only to 
102 s-1 [48]. In the measurement, probe particles size of 500 nm were added to the 
unentangled linear solutions of DNA. Then, MSD of the probes was obtained from the 
intensity autocorrelation. To determine the viscoelastic moduli, generalised Stokes-
Einstein relation was performed on the mean square displacement. The workflow of 
the calculation was shown in Figure 1.7(a). From the calculation, the obtained 
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viscoelastic modulus matched the theoretical predictions as shown in Figure 1.7(b). 
The study also related the transition of a hierarchy of molecular relaxation regimes as 






Figure 1.7. A DLS system for studying molecular relaxations of unentangled solutions of DNA [48]. 
(a) The study workflow using a commercial DLS system. Brownian motion of the tracer particles 
produced fluctuations in scattering intensity. The autocorrelation of the intensity is analysed by the 
custom software to extract the mean squared displacement of particles, which was used to determine 
the frequency-dependent linear viscoelastic shear modulus G*(w). (b) The result storage G′ and loss 
G′′ moduli with approximation of internal chain relaxation regimes A, B, and C. The dotted and solid 
lines indicate the theoretical predictions for G′ and G′′, respectively. 
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1.1.2. Diffusive wave scattering 
 
Figure 1.8. A diffusing wave spectroscopy configuration (inspired by [22]). 
 
Diffusive wave scattering (DWS) is a new development adapted from DLS to solve 
strong multiple scattering of light in a turbid media. A laser beam is shone through a 
sample which contains probe particles. This system collects multiple scattering light 
from dense probe particles [49]. As a result, the optical configuration is complex due 
to it has many optical elements as shown in Figure 1.8. In addition, knowledge of path 
length distribution is crucial to calculate the correlation function of DWS [50]–[52]. 
This is because, the correlation function is depended on the sample thickness 𝐿 and 
the mean free path of light 𝑙∗as 𝑔"(𝜏) = 1 +










 ,  
 
where 𝑥 = [𝐤C"〈∆𝑟"(𝑡)〉]@/" , 𝛼∗ =
E-
F∗
, 𝑧C  is the distance into the sample from the 
incident surface to the place where diffuse source is located, and 𝑘C is the incident 
wave vector [53], [54]. In addition, the criteria of 𝐿 ≫ 𝑙∗ of the DWS configuration 
must be fulfilled for the correlation to be valid [49].  
 
In a rheological study, DWS has been demonstrated for investigating rheological 
properties in human synovial fluid from patients suffering from joint diseases of 
osteoarthritis (OA), rheumatoid arthritis (RA), and gouty arthritis (GA) [55]. The 
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study also observed the obtained viscoelastic modulus with the white blood cell count 
from the patients. From the results, the study found that the white blood cell count 
exhibited an inversely proportional to both loss 𝐺’’ and storage 𝐺’ moduli. In addition, 







Figure 1.9. (a) Storage (Elastic) modulus. (b) loss (viscous) modulus (both at 1 Hz) of synovial fluids 
(at 27 ºC) from 49 arthritis patients versus their white blood cell (WBC) count [55]. 
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1.1.3. Laser speckle rheology 
Laser speckle is an intensity pattern arising from coherent light interference between 
the light source and the light scattered by a specimen. Laser speckle rheology expands 
the applicability of DWS to study elasticity and viscosity in tissues by analysing the 
speckle pattern [16], with sensitivity to Brownian motion [56]. As a result, passive 
microrheology can be studied by this approach. In a demonstration, a laser speckle 
rheology system can evaluate a patient’s coagulation status [57]. The device 
illuminated a blood sample with 690 nm laser spot, creating temporal speckle intensity 
fluctuation, backscattered on a high-speed camera as illustrated in Figure 1.10.  
 
Figure 1.10. A Laser speckle rheology configuration (Image taken from [58]). 
 
Time series of fluctuations were captured, and the autocorrelation calculated. The 
speckle patterns were analysed to infer blood clotting time and maximum clot stiffness 
in real-time. In this measurement, the result reflected a close correlation with reference 
standard (aPPT and PT). However, the proposed system was complex due to it 
Fig. 1. (A) Laser speckle patterns captured from a human blood sample showing time-
dependent speckle intensity modulation during coagulation at 0, 4, 6 and 10 min following 
coagulation activation with kaolin. (B) Blood sample cartridge employed for LSR 
measurements (Grace Bio-Labs). The cartridge consists of a small chamber (volume = 100 μL) 
made of a blood compatible silicon base sandwiched between thin (0.15 mm) polycarbonate 
sheets. The clear polycarbonate sheet provides a clear optical window for LSR measurements. 
(C) Schematic diagram of the LSR optical setup used for blood coagulation assessment. 
Polarized light (690 nm, 9 mW) from a diode laser (Newport Corp., LPM690-30C) was 
focused (spot size 100 µm) on the imaging chamber containing ~100 µL of kaolin-activated 
blood. Cross-polarized laser speckle patterns were acquired at 180° back-scattering geometry 
via a beam-splitter using a high speed CMOS camera (Basler AG, acA2000-340km) equipped 
with a focusing lens (Edmund Optics, NT59-872). The captured speckle patterns were 
transferred to a computer for further processing. 
2.3 Analyzing temporal speckle intensity fluctuations during blood coagulation 
Laser speckle patterns acquired during blood coagulation were analyzed to measure the 
clotting time and maximum clot stiffness. In order to measure the rate of speckle intensity 
fluctuations during blood coagulation, the temporal speckle intensity autocorrelation curve, 
g2(t), (Fig. 2(A)) was measured via cross-correlation analysis of the first speckle frame with 
each subsequent frame within the frame series using previously described methods [13–17]. 
To obtain adequate ensemble averaging and improve the accuracy of speckle temporal 
statistics, spatial averaging was performed over (512x512 pixels) and temporal averaging was 
performed over multiple g2(t) curves that evolved over 0.5 s duration as follows [13–17, 19, 
22, 23]: 
#200764 - $15.00 USD Received 6 Nov 2013; revised 30 Dec 2013; accepted 2 Jan 2014; published 24 Feb 2014
(C) 2014 OSA1 March 2014 | Vol. 5,  No. 3 | DOI:10.1364/BOE.5.000817 | BIOMEDICAL OPTICS EXPRESS  822
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consisting of many optical elements. A speckle  autocorrelation  time  constant,  τ  
(primary  y-axis), and the viscoelastic modulus |G*(ω)| of ω = 1 Hz (secondary y-axis) 
were plotted as a function of coagulation time for a human blood sample. Similar trends 
were observed for both the τ,  and  |G*|  curves  during  coagulation.  In each  case,  
the  average  value  of  the  three  LSR  τ-measurements is plotted and the error bars 
depict standard deviations. 
 
Figure 1.11. (A) intensity correlation g2(t)  measured at 0, 6, 10, and 12 minutes during coagulation 
process from a Human blood sample. It  was  observed  that  g2(t) decay  slowed  down  as  blood  
coagulation  progressed.  Slower g2(t) decay  and  the  corresponding  increase  in  autocorrelation  
time  constant (t) indicated  an  increase  in  clot  viscoelastic  modulus  during  coagulation  
process. (B) Autocorrelation  time  constant, (t) (primary  y-axis), and the viscoelastic modulus 
|G*(w)| at w = 1 Hz (secondary y-axis) plotted as a function of coagulation time for a human blood 
sample. Similar trends were observed for both the t,  and  |G*| curves  during  coagulation.  In  each  
case,  the  average  value  of  the  three  LSR  τ-measurements is plotted and the error bars depict 
standard deviations [57]. 
 
1.2. Differential Dynamic microscopy 
In microrheological study, scattering and microscopy have become two well-known and 
distinct tools to investigate and analyse colloidal dynamics. Microscopy, such as video 
particle tracking, provides direct access to the motion of individual heterogeneous 
particles from visualised images in two-dimensional manner. Alternatively, scattering 
monitors average intensity fluctuations and can approach larger sample quantities in 
a scattering volume [59].  
 14 
Integration of microscopy and dynamic light scattering (DLS) have been developed, in 
particular in biological experiments i.e. red blood cell membranes [15], and a living cell 
system [62]. In the membrane study [15], the red blood cells were immobilised on a 
glass slide using polylysine hydrobromide with conjugated micro-particles on their 
membranes. Rheological properties of the membrane were obtained using DLS principle 
with the Brownian particles that conjugated on the membrane. In the same manner, 
the integrated microscope with DLS was used for investigating of motility in living 
macrophage cells [62]. The device imaged the cell at a few thousand frame per second 
and created a motility map of the cell regarding to the intensity correlation calculated 
by the DLS principle. The result of this study found that most of motion occurred in 
the outer region than its centre interior of the cell. However, difficulty of modifications 




Figure 1.12. A DDM configuration used in [38]. (a) Light passthrough a sample is scattered at various 
angles and is collected by objective lens. Two-dimensional microscope images of the sample are 
Fourier analysed and information equivalent to Dynamic light scattering (DLS) is recovered. (b) 
DDM scattering geometry. ?⃗?𝐢 is an incident light, ?⃗?𝐬 is a scattered light at scattering angle of q. In 
DDM, scattering wave vector 𝐐$$⃗  is approximated using 𝐪$⃗ ≈ 𝐐$$⃗   for small scattering angle [36]. [61]  
 
DDM is a relatively new approach to study the dynamics. It has equivalent result of 
both VPT and DLS combined [38], [62]. The DDM set-up consists of a standard light 
microscope equipped with a digital video camera with a high frame rate as shown in 
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Figure 1.12. Close proximity of detector-to-sample is a requirement in which correlation 
properties of the scattered light are free from the distance to sample. Although the 
partially coherent illumination source and out-of-focus image acquisition bring 
difficulties to the system, the result strongly agrees with gold standard methods [36]. 
For this reason, DDM is a flexible and reliable tool for the investigation of dynamic 
phenomena. 
 
Current DDM techniques are based on a bench-top microscope resulting bulky imaging 
system. These systems use costly lenses and costly high-speed video acquisition 
systems for data acquisition. In addition, preinstalled light sources and optical filters 
inevitably limit available wavelengths for rheological measurement in some biological 
samples i.e. human whole blood. This would lead to additional costs to the system 
and bring more difficulty of implementation to developing countries. In this thesis, a 
portable DDM-based system is proposed for quantitative measuring of rheological 
behaviour in biological fluids.  
 
1.3. Aims  
The main aim of this thesis is to develop a portable microscopy-based system to 
measure viscoelastic behaviours of biological fluids particularly in Human whole blood 
samples in small volumes. In addition, the device should be able to evaluate steady-




In this thesis, a portable differential dynamic microscopy prototype is proposed for 
measuring viscoelastic properties of biological fluids. The objectives of the PhD are as 
follows: 
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1. To design and build a portable differential dynamic microscopy prototype; 
2. To develop an image-based algorithm for quantitatively estimating 
viscoelastic modulus of biological fluids; 
3. To validate the approach in a range of biofluids of interest, benchmarked 
with established rheometers. 
 
1.5. Thesis outline 
This thesis is organised in seven chapters as followed: 
 
Chapter 2: shows fundamental principle of rheology, differential dynamic algorithm 
(DDA), and how to obtain rheological properties from the DDA. In addition, this 
thesis extends capability of the DDM to estimate particle size distribution of colloidal 
particles using non-negative least square (NNLS) method which is also described in 
this chapter. 
 
Chapter 3: provides information of material and methods used in this thesis. 
Furthermore, the chapter describes a development of proposed DDM-based device 
for obtaining rheological properties of biological samples. This includes the 
development of in-house microchamber which can hold small sample volumes and 
prevents sample evaporation. 
 
Chapter 4: presents rheological parameters obtained by proposed device from 
measuring standard materials. 
 
Chapter 5: demonstrates particle size distribution of mono and polydisperse 
colloidal particles obtained by proposed device. 
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Chapter 6: shows rheological assessments of biological samples including human 
whole blood, blood plasma, and saliva. 
 
Chapter 7: summarises and discusses the main findings and provides a perspective 






Chapter 2  
Background 
Optical microrheological approaches in both of light scattering and imaging based 
have gained increasing attention over the last decades [63]. These rheological 
characterisation tools have been demonstrated for a wide range of fluids such as 
investigation of molecular relaxation of DNA solutions [48] and study of the role of 
lubricin in synovial fluid rheology [43]. A notable advantage of these approaches is 
that they requires small sample volume which allow for rheological investigation in 
biological samples [22], [64]. Optical microrheology uses probe particles to measure 
their movements and infer the corresponding rheological behaviour of materials of 
interest. In the imaging approach, video particle tracking is an example of a device 
for monitoring the movements of these particles as discussed in Chapter 1. This 
approach relies upon the resolving power of the microscope used in the experiment for 
monitoring micron-sized probe particles. In addition, the speed of the tracking 
algorithm should be fast enough to track multiple moving particles leading to a need 
of high power computer.  
 
In contrast, Light scattering obtains thermally-driven displacement of probe particles 
by calculation of intensity autocorrelation which consumes less computing power. DLS 
is an example of most commonly used light scattering instrument that can reveal 
rheological responses of the fluid of interest from determining of the displacement [65]. 
In DLS, autocorrelation of scattered light intensities at a certain angle is calculated 
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to recover intermediate scattering function which is related to displacement of the 
probe particles. In analogous to the DLS, differential dynamic microscopy (DDM) is 
a relatively new approach that can obtain the intermediate light scattering function 
[36]. However, the DDM Fourier analyses microscopic images in order to obtain 
scattering information [36], [66]. This Chapter starts by exploring and highlighting 
analytical methods to evaluate steady-shear viscosity of a fluid using our developed 
DDM-based device. This includes an implemented technique for estimating particle 
size distribution of colloidal particles in an interesting colloidal suspension.  
 
In brief, our developed device implements DDM method that can perform light 
scattering experiment with Fourier analysis of a collection of microscopic images. The 
DDM can recover the intermediate light scattering function to obtain the displacement 
of probe particles that employed in the fluid of interest [67], [68]. This displacement 
can reveal rheological behaviours of a fluid of interest using passive rheology.  
 
In passive rheology, microparticles are in a micro volume of the fluid as a probe 
particle. These particles are randomly relocated by collision with surrounding 
molecules called Brownian motion. When the particle is in Brownian equilibrium, the 
motions of these particles are monitored and recorded. To determine rheological 
responses of the suspension, the motion is performed by the Generalised Stokes-
Einstein Relation (GSER). However, performing the GSER calculation can introduce 
numerical artefacts at high frequencies of the measurement [69], [70]. Thus, a direct 
numerical conversion can instead be implemented to eliminate such artefacts in the 
obtained rheological measurement. This resulting rheological measurement can then 
be used to evaluate complex viscosity of the fluid.  
 
Notwithstanding this, steady-shear viscosity is the most-commonly used viscosity 
measurement in most of rheological studies. To comply with this observation, the Cox-
Merz rule [71] was performed on the obtained complex viscosity to estimate the 
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corresponding steady-shear viscosity of the fluid. Thus, the rheological measurement 
evaluated by our device can be compared directly with the result from previous 
complementary studies [72], [73]. 
 
2.1 Rheology 
Rheology is the study of how material flow and deform in response to the applied 
forces or stresses to the material [74]. The change in the material properties that are 
caused by the applied forces are called rheological properties [75]. When a stress is 
applied to a fluid element, the responding deformation is illustrated in Figure 2.1. 
   
Figure 2.1. A fluid element representation of simple shear flow.  
 
An applied force, 𝐅,  causes to the fluid moved at velocity , 𝐯,  results in a 
displacement, 𝑥,		within the top plate to the fluid. The force, 𝐅, transmitted to cross-







The deformation, or shear strain, 𝛾, is defined as a ratio of the displacement, 𝑥, to the 
thickness of the fluid, ℎ. Rate of deformation, ?̇? = GH
G&
, or shear rate, is related to the 
resistance to the flow, or viscosity, 𝜂, which is described by 𝛕 = 𝜂?̇? [76]. 
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In static experiments, performing strain measurements as a function of time is not 
easy to implement, as the unit step function of the applied stress must be precisely 
controlled [77]. In addition, the strain measurement within a short time regime is not 
reliable if the unit step function is not exact [77]. In contrast to static experiments, 
oscillatory shear stimulation are easier to generate [77]. The corresponding shear 
harmonic motion to the applied small amplitude oscillatory shear is shown in Equation 
(2.2), [32], [33], [78]: 
 
𝛾(𝑡) = 𝛾C(𝜔)sin(𝜔𝑡) (2.2) 
 
where 𝛾(𝑡) is the strain at time, 𝑡,		𝛾C(𝜔) represents the amplitude of the strain, 
and	𝜔 is the angular frequency. 
 
2.1.1 Hookean solid 
For metals and elastic materials, the stress is proportionally related to the deformation 
described by Hooke’s law of elasticity as shown Equation (2.3), [32], [33], [78]: 
 
𝜏(𝑡) = 𝐺𝛾(𝑡) (2.3) 
 
where 𝐺 is a time-independent elastic  constant proportional to the Young’s modulus 
of the material [32], [33].  
 
For oscillatory shear, the Equation (2.3) can be represented by Equation (2.4), [32], 
[33], [78]: 
 
𝜏(𝑡) = 𝐺𝛾C(𝜔)sin(𝜔𝑡) (2.4) 
 
 22 
2.1.2 Newtonian fluid 
Newtonian fluids obey the Newton’s law of viscosity [79]. When applied a shear stress 
to a Newtonian fluid, the corresponding deviation, or strain, of the fluid is 







When substituting the strain from Equation (2.2) into Equation (2.5), Equation (2.5) 
becomes 
 
    𝜏(𝑡) = 𝜂 GH-567(I&)
G&
 = 𝜂𝜔𝛾C(𝜔)cos(𝜔𝑡)   (2.6)  
 
Using trigonometry, cos(𝜔𝑡) is equivalent to sin D𝜔𝑡 + /
"
E, thus, the oscillatory shear 
of Newtonian fluid is described by Equation (2.7), [78]: 
 





Accordingly, the stress oscillates at the same frequency of applied strain. However, 
the stress lags the strain by /
"
 for Newtonian fluid as indicated in Equation (2.7). 
 
2.1.3 Viscoelastic material 
Mechanical responses of viscoelastic material lie in between those of a Hookean solid 
and Newtonian fluid [74], [78]. A harmonic stress imposes to the viscoelastic material 
that can be generalised by Equation (2.8)[74], [78]. 
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𝜏(𝑡) = 𝜏Csin(𝜔𝑡 + 𝜃) (2.8) 
 
Where 𝜃  represents phase angle in which 𝜃 = 0  for Hookean solid and 𝜃 = /
"
 for 
Newtonian fluid. For the sine angle addition sin(𝜔𝑡 + 𝜃), the Equation (2.8) becomes  
 
𝜏(𝑡) = 𝜏Ccos(𝜃)sin(𝜔𝑡) + 𝜏Csin(𝜃)cos(𝜔𝑡) (2.9) 
 
Dividing stress of Equation (2.9) [78] by strain of Equation (2.2) yields the storage 
and loss modulus noted by 𝐺J and 𝐺JJ, respectively, each defined by Equation (2.10) 












Thus, Equation (2.9) can be rewritten as shown in Equation (2.12) [74], [78]. 
 
𝜏(𝑡) = 𝛾C(𝜔)(𝐺Jsin(𝜔𝑡) + 𝐺JJcos(𝜔𝑡)) (2.12) 
 
It is usually convenient to express the sinusoidally varying stress as a complex 
quantity as shown in Equation (2.13), [80]: 
 
𝐺∗ = 𝐺J + 𝑖𝐺′′ (2.13) 
 
Where 𝐺∗ is complex modulus. 
 
An alternative representation is as the complex viscosity 𝜂∗ = 𝜂J + 𝑖𝜂JJ where 𝜂J and 
𝜂JJ  represent elastic and viscous components, respectively [76], [79]. The complex 
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viscosity 𝜂∗ as a function of angular frequency is related to the complex modulus 𝐺∗ 





2.2 Differential Dynamic Analysis (DDA) 
DDM, as recently proposed by Cerbino and Trappe [35] has been used to quantify 
dynamics of colloidal particles. It is a class of Fourier microscopy that analyses light 
scattering fluctuation of the particles. Typically, monodisperse spherical particles are 
added to a sample fluid. Light scattering of these particles, where thermal energy 
generate random movements, can be observed under a microscope. A DDA is 
performed to access dynamic of these particles. 
 
In DDA principle, a sequence of light fluctuated images are acquired from a microscope 
to analyse dynamical measurements. It has been noted that if the average of the 
sequence does not change in time, and that the fluctuation can be determined by 
averaging many frames and subtracted to an individual frame [36]. The individual 
image of the sequence is described by its intensity 𝐼(𝑥, 𝑦, 𝛿) of the position (𝑥, 𝑦) at 
acquired time 𝛿. From this description, the image fluctuation can be calculated at 
time delay or lag time 𝑡 by image difference Equation (2.14), [36].    
 
 ∆𝐼(𝑥, 𝑦, 𝛿, 𝑡) = 𝐼(𝑥, 𝑦, 𝛿 + 𝑡) − 𝐼(𝑥, 𝑦, 𝛿) (2.14) 
 
where  𝑡 is a fixed lag time, and	𝐼(𝑥, 𝑦, 𝛿) is the intensity at pixel position (𝑥, 𝑦) 
from acquired time 𝛿. 
 
From Equation (2.14), the subtraction of two adjacency lag time images eliminates 
time-independent artefacts such as contamination/dust on the slide or the microscope 
lenses, or any static objects in the imaging plane. As a result, intensity signals are 
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entirely a consequence of the movement of particles, in which dynamic properties 
depend only upon the lag time, 𝑡, with the expectation value, 〈𝐼(𝑥, 𝑦, 𝛿)〉, being equal 
to zero [36]. 
 
Acquiring a time sequence of images allows analysis of image correlation function, 
𝐺(𝐪, 𝑡), as the product between conjugate of the image in Fourier space at time 
𝛿 ,	𝐼∗(𝐪, 𝑡), and the image in Fourier space at time 𝛿 + 𝑡 , 𝐼(𝐪, 𝛿 + 𝑡). The image 
correlation function is shown in Equation (2.15), [36].  
 
 𝐺(𝐪, 𝑡) = 〈𝐼∗(𝐪, 𝑡) ⋅ 𝐼(𝐪, 𝛿 + 𝑡)〉 (2.15) 
 
where 𝐼(𝐪, 𝑡) is the Fourier transform of the image 𝐼(𝑥, 𝑦) at acquired time 𝑡, 
and	𝐼∗(𝐪, 𝑡) is the conjugate of 𝐼(𝐪, 𝑡) 
 
From Equation (2.15), the function can be normalised (as an autocorrelation function) 




〈|𝐼(𝐪, 𝛿)|"〉 (2.16) 
 
where 𝐺(𝐪, 𝑡) is the image correlation function at acquired time, 𝑡.  
 
Statistical analysis of the stationary differences of intensity fluctuations describes 
dynamic of the sample [82]. According to previous research works [13], [36], [38], [83], 
the expected value of two-dimensional Fourier power spectrum yield an image 
structuring functions 𝑆(𝐪, 𝑡) . Such a statistical estimator of the Fourier power 




 							𝑆(𝐪, 𝑡) ≡ 〈|∆𝐼(𝐪, 𝑡)|"〉 (2.17) 
 = 〈h𝐼𝐪,P(& − 𝐼𝐪,Ph
"〉 
 = 〈h𝐼𝐪,P(&" − 2 ∙ 𝐼𝐪,P(& ∙ 𝐼𝐪,P + 𝐼𝐪,P" h〉 
 
Using cross-correlation theorem [84], convolution in Fourier space (𝐼𝐪,P(& ∙ 𝐼𝐪,P)  is 
identical to 𝐼𝐪,P( ∙ 𝐼𝐪,P∗ . Thus, the image structuring function 𝑆(𝐪, 𝑡) becomes Equation 
(2.18), [81]. 
𝑆(𝐪, 𝑡) = 〈h𝐼Q,P(&" − 2 ∙ 𝐼Q,P(& ∙ 𝐼Q,P∗ + 𝐼Q,P" h〉 
 









From Equation (2.18), the image structuring function 𝑆(𝐪, 𝑡) is expressed in simple 
form as shown in Equation (2.19) [35], [36], [38], which also contains an expression for 
added noise contributions from the camera, 𝐵(𝐪), e.g. camera read-out noise. 
 
 𝑆(𝐪, 𝑡) = 𝐴(𝐪)[1 − 𝑔"M] + 𝐵(𝐪) (2.19) 
 
where 𝐴(𝐪) = 2 〈h𝐼Q,Ph
"〉 which depends on imaging system [35], [66],	𝐵(𝐪) accounts 
for noise of the imaging system, and 𝑔"M is the autocorrelation function. 
 
The image structuring function does not directly obtain autocorrelation function. 
Instead, it needs to evaluate 𝐴(𝐪) and 𝐵(𝐪) to yield the autocorrelation.  
 
Thus there are two different scheme to estimate 𝐴(𝐪) and 𝐵(𝐪) [38], accordingly. In 
scheme 1, 𝐴(𝐪) and 𝐵(𝐪) can be treated as adjusting parameters, whilst in scheme 2, 
𝐴(𝐪) and 𝐵(𝐪) are measured independently. At short time intervals, in which 𝑔"M =
1 and 𝑆(𝐪, 𝑡 → 0) = 𝐵(𝐪).	Similarly, at long time intervals, 𝑔"M = 0, 𝑆(𝐪, 𝑡 → ∞) =
 27 
𝐴(𝐪) + 𝐵(𝐪). Accordingly, the autocorrelation 𝑔"M is evaluated by substituting 𝐴(𝐪) 
and 𝐵(𝐪) which can be obtained from either scheme. At this point, it should be stated 
that only scheme 1 was implemented in this thesis, due to the difficultly in measuring 
long enough lag times 𝑡  for 𝑔"M = 0 in the scheme 2. The DDA scheme can be 
visualised in Figure 2.2. 
 
 
Figure 2.2. Schematic showing the work flow of Differential Dynamic Analysis (DDA). 
 
2.3 Passive Rheology  
Conventional rheometry measures samples with large quantities, > 1 mL of sample 
using mechanical measurements [22], [64]. In contrast, DDM can characterise the 
dynamics of colloidal suspension using microliters sample volume via passive rheology 
[22], [64]. This small sample volume requirement is of particular benefit to rheological 
inspection of rare or costly materials in which it is hard to synthesize and obtain the 
necessary volumes for traditional analysis. In addition, the low inertia of probe 
particles allows  measurement of a high frequency response of materials [22], [64].  
  
Typically, passive rheology usually refers to Brownian motion of particles [85]. It is 
based on entirely thermal energy 𝑘!𝑇  to create dynamic measurements, where 
particles experience forces which arise from molecules surrounding them. Changes in 
the position/location of these particles due to these forces can be monitored. The 
GSER [86] provides a method to quantify particle displacement, thermal energy and 
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the viscoelastic behaviour of the fluid. This Section now provides a fundamental 
understanding of rheological measurement which depends upon the fluid properties, 
which can be either Newtonian and non-Newtonian fluids. In addition, the method to 
quantify dynamics of colloidal particles using DDM is also described. 
 
2.3.1 Brownian motion 
Brownian motion is explained by the random thermal collision of suspending medium 
molecules that act onto a particle [87]. As a consequence, the particle moves 
diffusively. In macroscopic view, this suspension is at an equilibrium state, where the 
medium does not move. For this reason, time-averaging of the total force applied to 
the particles will be zero. However, the average distance from any initial position of a 
particle increases with time.  
 
Gravity also pays a negligible contribution to the motion of particle [38] (when 
gravitation forces dominate the Brownian motion, the particle will rapidly sediment). 
To ensure that such a particle is in Brownian motion, thermal energies (𝑘!𝑇) must 
dominate gravity force in which 𝐾!𝑇 >
.
R
𝜋𝑎R∆𝜌𝐠ℎ	[88]. This circumstance can also be 
characterised by Péclet number ( 𝑃𝑒 ) where 𝑃𝑒 = 	 .
R
𝜋𝑎R∆𝜌𝐠ℎ 𝐾!𝑇t  [89], a 
dimensionless value relating the ratio of convective to diffusive movement. For non-
interacting particles, a high concentration of the colloidal particles setting leads to 
collision among the suspended particles. That is, the particles are likely to move in a 
confined area resulting underestimate diffusion coefficient and lead to overestimate 
the fluid viscosity. However, this problem can be simply tackled by diluting the 
particles. In addition, hydrodynamic interaction with the wall and surface also shows 
a decreasing diffusion coefficient as the particles moving in a confined geometries [90] 
and small sample volume [91], [92]. The motion of particles proximity to a wall is slow 
down caused by so-called wall drag effect [93]. To minimise this contribution, field-of-
view of the device should be away from the surfaces of sample container. 
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In detail, the analysis of particle motions will rely upon their MSD instead of their 
average distance [94], as the diffusion effect of Brownian motion is related to 
probability distribution of the movements [95]. Einstein and Smoluchowski 
independently related the MSD 〈Δ𝑟"(𝑡)〉 of the colloidal particles to the time, 𝑡 [87]. 





〈Δ𝑟"(𝑡)〉 = 2𝑑𝐷𝑡 (2.20) 
 
where  𝑑 is the dimension of displacement,	𝐷 is a Einstein-Smoluchowski diffusivity, 
and	Δ𝑟"(𝑡) is the mean square displacement at specified time, 𝑡. 
 
Sutherland [28] later related the diffusion coefficient to thermal energy and frictional 






where  𝑘! is the Boltzmann’s constant,	𝑇 is the absolute temperature, and	𝑓U-:V is 
the drag force of particles. 
 
When a colloidal probe particle is a perfect sphere, the frictional coefficient is given 
by 𝑓U-:V = 6𝜋𝜂𝑟 which also known as Stokes drag [76], where	𝑟 is the average radius 
of colloidal particles. As a result, the diffusion coefficient is defined by equation 







2.3.2 DDM and Stokes-Einstein relation 
Intensity fluctuations of suspended particles during Brownian motion are represented 
by a dynamic. For quantitative characterisation of DDM, these fluctuations are 
themselves related to exponential decay of the autocorrelation function, 𝑔"M . 
Regarding to image structuring function (2.19), the autocorrelation 𝑔"M of spherical 
Brownian particles is given by Equation (2.23) [35], [38], [97]. 
 







  is the characteristic diffusion time [35],	and	𝐪 is the wave vector 
  
The average Fourier spectrum from Equation (2.21) represents the autocorrelation 
function of Brownian motion. However, the resulting averaging value also includes the 
terms 𝐴(𝐪) and 𝐵(𝐪), see Equation (2.19).  To achieve the autocorrelation function, 
𝐴(𝐪) and 𝐵(𝐪) are required and they can be evaluated from the two schemes, as 
described above, Section 2.2.  
 
Another representation of the characteristic diffusion time, 𝜏W  can be given by 
applying a logarithm to both side of the above equation,  where 𝜏W =
@
M∙𝐪!
 is shown in 
Equation (2.24).  
 
 log 𝜏W = −2 log 𝑞 − log𝐷 (2.24) 
 
From the Equation (2.24), the diffusion coefficient of suspended particles can be 
obtained by determining y-intercept of the plot between log	𝜏W and log 𝑞. 
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2.4 Measurement of viscoelastic moduli 
Evaluation of the mean square displacement of Brownian motion is necessary for 
obtaining fluid viscoelasticity. Given that the GSER relates displacement to the 
viscoelasticity, as indicated in Equation (2.27), the mean square displacement for a 
typical DDM system can be readily obtained by [25], [98]. Due to modification of the 
autocorrelation function, the calculation of mean square displacement can be 
determined by the following procedure: 
 
1. substitute 𝜏W =
@
M∙𝐪!
 and the autocorrelation function 𝑔"M can be rearranged in 
the form as shown in the Equation (2.25) [25], [98]. 
 𝑔"M = 𝑒
+〈Y-!(&)〉∙𝐪!
.  (2.25) 
 
2. To obtain the mean square displacement, Equation (2.25) is substituted into 
Equation (2.19). Thus, the formation of the mean square displacement becomes 
(2.26) [25], [98]. 
 〈Δ𝑟"(𝑡)〉 =
−4
𝐪" ln 1 −




3. Viscoelasticity can thus be determined using Mason method, as shown in the 
Equation (2.27), [86].  
 
2.4.1 Generalised Stokes-Einstein Relation (GSER) 
The Stokes component of the Stokes-Einstein relation is valid only for Newtonian 
fluids. However, Mason and Weitz [51] used the Langevin Equation to theoretically 
and experimentally generalise Stokes-Einstein Relation, to describe non-Newtonian 
fluids. By establishing the relationship between ensemble-average displacement of 
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particles they described  the macroscopic viscoelastic response of such a fluid. 
Nevertheless, this equation is based under the assumption that a complex fluid is 
considered as a continuum around particles. This relation provides accessibility to 
viscoelastic modulus 𝐺∗(𝜔) of the fluid and lead to modern rheology study [28].  
 
Typically, the GSER has several advantages when compared to conventional method. 
First, there is no external forces applied. The thermal energy 𝑘!𝑇 of Brownian motion 
is embedded as colloidal or tracer probes randomly move. Furthermore, as the mass 
of probe particles are very small, their inertia can be negligible [28], [99], such that 
the viscoelasticity of the fluid can be measured [100] at high frequencies, up to 100 
kHz  (measurements which would require large force and torques in conventional 
methods [101]). A further advantage is that  the results can be correlated with 
conventional bulk measurement approaches whilst only requiring microlitres of sample 
volume. Last but not least, this technique has the advantage that it can also be applied 
to living cells whereas there no current, similar approaches available [102]. 
 
Viscoelasticity is a property of material which comprises both elasticity and viscosity. 
When stresses have been applied to viscoelastic material, the material deformed, 
although, it returns to its original state when the stresses are released. In the GSER, 




𝜋 ∙ 𝑎 ∙ 〈Δ𝑟1 𝜔t 〉 ∙ Γ D1 + 𝛼1 𝜔t E
 (2.27) 
 
where 𝛼1 𝜔t  is the log-log slope of MSD at 𝑡 = 1 𝜔t ,	𝑎 is the average radius of 




Typically, the viscoelastic modulus exhibits both of storage modulus 𝐺J(𝜔) and loss 
modulus 𝐺JJ(𝜔) . The real 𝐺J(𝜔)  and imaginary 𝐺JJ(𝜔)  parts of viscoelastic 
modulus 𝐺∗(𝜔)  represent the solid-like and liquid-like behaviour of the medium 
respectively [76]. When a material is purely solid, its loss modulus 𝐺JJ(𝜔) = 0. In the 
same manner, the storage modulus of a material 𝐺J(𝜔) = 0, if such material is purely 
liquid. These two moduli can be defined as Equations (2.28) and (2.29) respectively, 
[86]. 
 





 𝐺JJ(𝜔) = 𝐺∗(𝜔) ∙ 𝑠𝑖𝑛 
𝜋 ∙ 𝛼(𝜔)
2  (2.29) 
 
2.4.2 A direct conversion method 
Viscoelastic behaviour conversion using the GSER has been reported for numerical 
artefacts at high frequencies [103] as it has a two-step numerical conversion [69], [70]. 
This method is however reported to underestimate loss modulus [77]. A direct 
conversion method proposed by Evans et al [69], [70] provides an alternative approach 
to eliminate such numerical artefacts at high frequencies. This approach directly 
converts creep compliance 𝐽(𝑡) into viscoelastic modulus 𝐺∗(𝜔) but data interpolation 
and extrapolation of the mean square displacement 〈Δ𝑟"(𝑡)〉  is necessary. The 

























2.5 Evaluation of steady-shear viscosity 
Viscosity is an important physical property of fluids to characterise its resistance to 
deformation in flow.  In oscillatory shear experiment, complex viscosity can be 
obtained via 𝜂∗(𝜔) = K
∗(I)
LI
. To compare oscillatory and shear flow measurements, the 
complex viscosity can be converted to steady-shear viscosity using Cox-Merz rule [71], 
as an empirical relationship which relates the steady state shear viscosity of shear 
rate, 𝜂(?̇?),  and the complex viscosity of angular frequency, |𝜂∗(𝜔)|,  as shown in 
Equation (2.31) [105]. 
 
𝜂(?̇?) 		= |𝜂∗(𝜔)|	for ?̇? = 𝜔 (2.31) 
 
2.6 Particle size distribution 
In addition to viscoelasticity measurements, particle size distribution can be obtained 
using the developed device, see later. According to Equation (2.19), the 
autocorrelation of monodisperse particle suspended in a liquid can be modelled by a 
single exponential decay. When two or more particle populations are mixed, the 
resulting decay is an average form of each decays of the populations composition.  
 
Thus, the typical analysis of single decay by DDA Equation (2.19) cannot be 
decomposed. Although, analytical methods have been developed to decompose the 
composite decay and then convert to particle size distribution information, these are 
time-consuming. In this research, we propose to use the nonnegativity least square 
(NNLS) method [106] to obtain the particle size distribution. The particle size cannot 
be negative from the constrained treatment in the NNLS, providing a method with 
reduced computational time to retrieve the particle size distribution [107], [108]. 
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In short, monodisperse solutions generate a single exponential decay which is described 
by 𝑒
46
7 . A summation of single exponential decays can be represented in polydisperse 
solution. If, weights, 𝑤, are subsequently added to the decays to represent amount of 




















Unlike DLS system, the multi scattering wave vector 𝐪 is recorded by our proposed 
DDM system. These wave vectors can be regarded as angle parameters which are 
shown in the Equation (2.33). To achieve optimal value of 𝑌, iterative calculation is 























Where 𝜙_0 = 𝑒
469
72 ,	𝑚 is the total number of measurements, 𝑛  is the total 








Chapter 3  
Material and Methods 
Rheological properties provide insights to mechanical behaviours and responses 
following an applied stress to the material [112]. In this thesis, a DDM-based device 
was developed and realised as a portable microscale rheological device to characterise 
rheological behaviour of the fluids. This approach probes the movement of 
microparticles to infer the fluids’ rheological behaviours. Thus, both size and 
concentration of the probe particles are crucial for the device to perform the rheological 
measurement. To determine this limitation, sizes and concentration of the probe 
particles that can be used with the device are studied in this Chapter. In addition, 
material and methods used in the experiments throughout this thesis are also given. 
This includes the development and characterisation of the developed portable device 
for evaluation of viscoelastic behaviour of biological materials e.g. human whole blood 
and human saliva (described in detail in Chapter 6).  
 
3.1 Materials 
3.1.1 Newtonian fluids 
Deionised water and stock solution of Glycerol (G9012-500ML, >= 99.5%, Sigma-
Aldrich Corp.) were used for preparation of glycerol-water mixtures from glycerol 
content of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 percent by weight. A Bovine 
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Serum Albumin (BSA) solution was prepared by diluting 80 mg of BSA powder 
(A9085-25G, Sigma-Aldrich Corp.) with 1 mL of deionised water. For blood plasma 
preparation, whole blood sample (Cambridge Bioscience) was centrifuged at 1.5 g for 
10 min. For purification, the supernatant was transferred to an Eppendorf tube. The 
tube was re-centrifuged at the same configuration and the supernatant was kept in a 
4°C fridge, prior to measurement. 
 
3.1.2 Viscoelastic liquid 
Polyethylene oxide (PEO) solutions of 1%, 2%, and 5% by weight were prepared by 
diluting PEO powder (181994-250G, Mw 200,000, Aldrich) with deionised water. 
Whole blood samples were obtained from commercially source (Cambridge Bioscience, 
screened samples) and Queen Elizabeth University Hospital, Glasgow (Strokes 
patients, Unscreened samples). Human whole saliva was obtained from a commercially 
available source (Bio IVT Inc.). Both whole blood and saliva sample were stored in 4 
°C fridge.  
 
3.1.3 Probe particles 
Stock solutions of polystyrene microparticle (Bangs laboratories and Polysciences Inc.) 
sizes of 0.15, 0.21, 0.29, 0.35, 0.52, 1.00, 1.54, and 2.10 μm were diluted by 103 times 
with a sample fluid prior to measurement. The specification of stock solutions of the 
polystyrene microparticles in the experiment are indicated in Table 3.1. 
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 538.93 Bangs Laboratories, Inc. 
0.21 0.01  202.41 
0.29 0.01  1.05 
0.35 0.01  43.16 Polysciences, Inc. 
1.00 0.03  4.73 
1.54 0.03  1.39 
2.10 0.03  0.53 
 
3.2 Sample container 
In this work, Brownian motion of embedded microparticles were monitored via passive 
rheology approach. Sample evaporation, which is affected to equilibrium of the motion, 
inevitably influenced the measurement result. To prevent this , the sample were tested 
in an enclosed container which was produced using a glass slide as indicated in Section 
3.2.1. 
 
3.2.1 In-house microchamber 
An in-house microchamber was made of double-sided tape (260 μm thickness) and a 
glass slide. For the glass slide, a cleaning process was necessary to remove dust 
particles, impurities and contamination on the glass surface, involving sonication of 
the slide filled with acetone for 5 minutes. Then, the slide was washed using methanol 
and blow-dry with nitrogen. Finally, the slide is put in oxygen plasma asher to remove 
organic contamination on the glass surface for one minute. Following this, the tape 
was punched to form a diameter of 6.0 mm hole, and placed on a glass slide to create 
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a microwell of the microchamber. For a rheological measurement, a sample 
approximately of 6.0 μL was dispensed in the microwell before a coverslip was placed 
on top of it. Nail vanish was applied to seal around the edges of the coverslip to 
prevent sample evaporation as illustrated in Fig 3.1. 
 
 
Figure 3.1 A 3D model of an in-house microchamber. 
 
3.3 Developed device 
The development of a device for use in DDM was extension of previous work using an 
optical heterodyne near-field scattering (HNFS) [113]–[115]. This optical detection 
scheme collects the modulation of transmitted light and scattered light of a sample 
fluid in a focused plane [114]. As a result, the developed device is simply implemented 
using light transmission configuration which allows for the heterodyne detection 




Figure 3.2. (a) 3D schematic of our developed system. (b) Hardware implementation from (a) 
comprising a light source, sample holder, objective lens, and an imaging sensor.  
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A monochromatic LED light source (l = 532 nm), which was coupled with an optical 
fibre, creates spatial coherence at the end of an optical fibre [116]. When the light 
passed through a sample fluid, it was diffracted and enlarged by an objective lens 
[117]. Diffracted light was collected by an imaging sensor for further processing. The 
ray diagram of the developed device is shown in Figure 3.3(a) whereas the Figure 






Figure 3.3. Ray diagrams of (a) the developed device and (b) a typical DLS system (Image taken 









Figure 3.4. 3D model and resolving power of our developed system. (a) is the 3D model, (b) is the 
developed device, and (c) indicates resolving power of the device (a 1920x1080 pixels image with scale 
bar obtained from the device without cropping) 
 
The sample holder and component support were made using a 3D printer. These 
printed parts were connected by screw fittings as illustrated in the Figure 3.4(a). The 
pixel size of the image was obtained by taking an image of microscope slide with a 
known reference scale, such that the pixel size can be calculated by dividing the known 
scale with measuring pixels distance which is 0.35 μm. This measurement is illustrated 
in Figure 3.4(b).  
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Figure 3.4(b) depicts that the width of the captured image is 800 pixels, giving a total 
field-of-view is 0.08 mm2. To operate the device, sample was pipetted (6.0 μL) into 
the sample container. Next, the sample was covered with a coverslip to prevent sample 
evaporation. Then, the slide was placed on the sample holder as indicated in Figure 
3.4(a). To capture the signal, the device was connected to the computer by a USB 
interface to enable our in-house developed software to acquire the image data. An 
image sequence is collected for further processing on a computer.  
 
3.3.1 Image time-stamp 
Typically, the DDM has been demonstrated using laboratory-grade optical microscope 
equipped with a camera [47], [119]. This sort of camera has ability to transfer imaging 
data at real-time from its dedicated connector. In contrast to our developed DDM 
device, a low-cost webcam (Advent AWCAMHD15,~£20) was employed to collect the 
data. This system can acquire data and transfer it to the computer in real-time.  
However, the system may discard some frames that are not able to processed by the 
camera in time as shown in Figure 3.5. 
 
  
Figure 3.5. An image discarded during data transmission (Video frame drop event). The red arrow 
with red cross symbol indicates the image is not transfer to the computer. 
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In fact, DDA calculates correlation of an image series separated by a fixed lag-time. 
Thus, a problem arises when some images in the series are discarded as shown in Fig 
3.6.  
  
Figure 3.6. Image time-stamped: (a) a camera transfer images to the computer in real-time manner. 
In the case where some images discarded, the typical DDM assigned these images with a fixed lag-
time. Thus, incorrect time information is assigned which is the image at the time t=3 should be t=4 
(shown in (b)). This thesis implements image time-stamp to copy actual time information from (a) 
and assign the time to individual image shown in (c). 
 
In this case, the time of the next coming image is mismatched if using a fixed-lag time 
for the calculation. To tackle this problem, an image time-stamp was introduced to 
avoid such effect. Accordingly, the time of a every image received by the acquisition 
system, is recorded. This modification allows DDA calculates autocorrelation at 
accurate measurement times, 𝜏. 
 
In order to illustrate the value of this simple manipulation, an image series of 0.52 μm 
polystyrene particles in deionised water was acquired for 15 minutes at environmental 
temperature of 20°C. Then, typical and time-stamped DDA were performed on an 
identical image series collected by the developed device. A characteristic time 𝜏W was 
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obtained by linear fitting of the autocorrelation function 𝑔"M = 𝑒
47
70 in logarithm 
scale. As discussed in Chapter 2, the result characteristic time 𝜏W is 
@
M𝐪!
. Then, the 
diffusion coefficient 𝐷  was obtained by determining of slope between the linear 
equation of @
)0
= 𝐷𝐪". In this experiment, the slope was determined by fitting the 
equation resulting the diffusion coefficient 𝐷 as shown in Figure 3.7. 
 
   
Figure 3.7. A plot of 1/tc and q2 in deionised water at 20°C from using 0.52 μm polystyrene probe 
microparticles. Black dots represent the data plots when the time-stamp (this thesis) approach is 
used while the pink dots are the result of using fixed lag-time (typical DDM). The black and red lines 
denote the fitted line of slope 0.80 and 0.23  μm2/s respectively. The resulting viscosity of deionised 
water from the fixed lag-time and the time-stamp are 3.61 mPa.s and 1.03 mPa.s respectively. 
 
In Figure 3.7, the @
)0
 as a function of wave vector 𝐪 using a fixed lag-time and time-
stamp were plotted. Regarding to the data plot, the diffusion coefficients of using a 
fixed lag-time was considerably different than that was obtained from using time-
stamp. In the fixed lag-time, the obtained diffusion coefficient was 0.23 μm2/s which 
corresponded to the viscosity of 3.61 mPa.s by Stokes-Einstein equation as 𝜂 = ]:^
./M:
. 
In contrast to the time-stamp approach, the obtained diffusion coefficient was 0.80 
μm2/s which corresponded to viscosity of 1.03 mPa.s. In comparison with the reference 
[120], absolute errors of using fixed lag-time (typical DDM) and time-stamp (this 































thesis) were 206.54% and 2.72% respectively. Thus, the time-stamp approach was able 
to tackle unstable image transfer problems in which there were some discarded images 
and, despite this, produce a reliable result. 
 
 
3.3.2 Probe particle selection and performance evaluation of 
the developed device 
This section characterises the probe particle selection for rheological investigation with 
the developed device. By determining sizes of the probe particles in various 
concentrations, the range of probe sizes that can be used as probe particles is revealed. 
The result is also compared to a commercial DLS system (Malvern Zetasizer Nano 
ZS90) to evaluate performance of the device. 
 
A Microbeads size estimation 
A verification step is essential to ensure that the autocorrelation function 𝑔"M is also 
applicable to other bead sizes. Accordingly, variation of bead sizes and dilutions were 
prepared and performed the DDM analysis. In this experiment, the bead sizes of 0.29, 
0.52, 1.00 and 1.54 μm were diluted by 102, 103, 104, and 105 times their original 
concentrations. These bead solutions were measured at room temperature using the 
developed device.  
 
Each sample was pipetted and dispensed in a microchamber then was placed in the 
sample holder of the device. Accordingly, an image sequence was acquired and 
analysed by DDA in which their autocorrelation function was evaluated. For 
monodisperse non-interacting particles [121], the autocorrelation function 𝑔"M  was 
related to diffusion coefficient 𝐷	by 𝑔"M = 𝑒
6
70 where 𝜏W =
@
M𝐪!
. The diffusion coefficient 
was either determined by calculating y-intercept between characteristic diffusion time 
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𝜏W and wave vector 𝐪 [62], or slope between 
@
)0
 and 𝐪" [122]. The evaluated diffusion 
coefficient allowed for calculation of diameter of the Brownian particles which were 
the beads in this case. By perform Stokes-Einstein relation [62], the average diameter 
of the beads was determined. The outcome beads diameter determined by the 
approach is illustrated in Fig 3.8. 
 
Figure 3.8. A plot between 1/tc and q2 of 1.00μm polystyrene beads diluted 102 fold by deionised 
water. The measurement was performed at room temperature (25°C) and is five-fold replicated. The 
measurement shows strong linear relationship from 0 £ q2 £ 15 μm-2. However, Brownian particles 
crossing image boundary cause significant artefacts at high wave vector q (q2 > 15 μm-2) in DDM 
experiment [123]. 
 
As shown in Fig 3.8, the plot between @
)0
 and 𝐪" of 1.00 μm polystyrene beads, diluted 
by 102 fold using deionised water is illustrated. The diffusion coefficient, 𝐷, was 
obtained by calculating the slope between @
)0
 and 𝐪"  as @
)0
= 𝐷𝐪" . Following this, 
linear regression was performed to the plot of @
)0
 and 𝐪"  to determine diffusion 
coefficient 𝐷.  
 
Brownian particles crossing image boundary caused significant artefacts at high wave 
vector 𝐪 in DDM experiment [123]. As a result, the linear fitting regime was limited 
to the maximum 𝐪" which was 15 μm-2 (𝐪	= 3.87 μm-1) for the experiment in Fig 3.8. 


















Accordingly, the linear regression fitting was performed for all replications of 
experiment to determine average diffusion coefficient 𝐷 which was summarised in 
Table 3.2. 
 
Table 3.2. The corresponding goodness of fit obtained by performing linear regression to the 
measurement of Figure 3.8 for wave vector range of 0 £ q2 £ 15 μm-2. Data was collected using 1.00 
μm polystyrene beads, diluted by 102 fold using deionised water. 
 
Measurement Slope Y-intercept R-Squared 
1 0.46  0.01 1.00 
2 0.48  0.02 1.00 
3 0.48 -0.03 1.00 
4 0.49  0.01 1.00 
5 0.46 -0.01 1.00 
Mean 0.47   
SD 0.01   
 
From Table 3.2, the average diffusion coefficient	𝐷 obtaining from five-fold replication 
of 1.00 μm polystyrene beads diluted by 102 fold in deionised water was 0.47 μm2/s 
with SD of 0.01. For measurement validation, the obtained diffusion coefficient was 
substituted in Stokes-Einstein relation for evaluation of average particle size as 𝑎 =
]:^
./M`
. Thus, the average size of beads in deionised water was 1.04 μm which was close 
to the factory stated nominal value. By analogy to the above process, diffusion 
coefficient of various bead sizes are measured which is shown in Table 3.3 and the 






Table 3.3. Diffusion coefficients of various bead sizes diluted with deionised water by measurements 






Diffusion coefficient (at times dilution, mean ± SD ,´10-12 μm2/s) 
102 103 104 105 
0.29 0.84 ± 0.13 1.01 ± 0.08 * * 
0.52 0.60 ± 0.02 0.59 ± 0.02 * * 
1.00 0.31 ± 0.01 0.32 ± 0.02 0.29 ± 0.02 0.34 ± 0.12 
1.54 0.21 ± 0.01 0.20 ± 0.01 0.22 ± 0.03 * 
* indicates linear regression fails to fit due to the unexpected nonlinear relationship between 𝟏
𝝉𝒄
 and 
𝐪𝟐 in the fitting regime of 	𝟎 ≤ 𝐪𝟐 ≤ 𝟏𝟓 𝛍𝐦$𝟐. 
 
 
Nominal (μm) Concentration (mean ± SD , μm) 
Estimated diameter (at times dilution) 
102 103 104 105 
0.29 0.39 ± 0.06 0.32 ± 0.03 * * 
0.52 0.53 ± 0.02 0.54 ± 0.02 * * 
1.00 1.03 ± 0.04 0.98 ± 0.05 1.09 ± 0.06 1.05 ± 0.37 
1.54 1.55 ± 0.06 1.56 ± 0.05 1.49 ± 0.17 * 
* indicates undefined value due to unable to obtain the diffusion coefficient regarding to Table 3.3 
 
Figure 3.9. A plot of estimated particle sizes which are diluted in deionised water at 298.15K. Data 
was collected using 1.00 μm polystyrene beads, diluted by 102 fold using deionised water. The 
symbols show the nominal sizes which are 0.29, 0.52, 1.00 and 1.54 μm. Each data plot represents the 
estimated value along the indicated size by the symbols. The mean and SD are represented by a bar 
where the middle line shows the average value. The top and bottom lines indicate +SD and -SD 
respectively. 




















From Figure 3.9, the result showed estimated bead sizes in the diluted solutions. At 
low concentration, the estimated value had a higher SD compared to the lower 
concentration, as there was not a sufficient number of beads represented in the image 
in the FOV of the device (0.08 mm2). By analogous at high concentrations, the beads 
easily hit adjacency beads and motion was not in Brownian equilibrium.  
 
B Particles dilution limit  
In this Section, particle dilution limit of the developed device is investigated. The 
maximum dilution was determined to indicate the lowest concentration of particles 
that can be used as a probe particle. This number refers to a minimum number of 
probe particles that can be used for measuring of the fluid of interest and still achieve 
a “reliable” result. In the measurement, again polystyrene microparticles with 
diameters of 1.00 and 1.54 μm were diluted by 102, 103, 104, and 105 times of original 
concentrations. Then, their sizes were measured by both the developed device and the 







Figure 3.10. The particle size dilution limit of 10-folded serial dilution of polystyrene bead. The 
symbols represent the average value of the size estimation of (a) 1.00 μm and (b) 1.54 μm. The error 
bars in the plot indicate  SD from five measurements in each dilution (no display if the SD is very 
small compared to the size of the symbol). 
 
Regarding the result from Figure 3.10, our device has ability to detect high 
concentrations of beads (x 10 times) compared to the reference DLS system (Malvern 
Zetasizer Nano ZS90). In experiments involving 102 and 103 fold dilutions, both systems 
can estimate the beads sizes accurately. In contrast to low concentrations (104 and 105 
fold), our device cannot achieve accurate result with the absolute errors are more than 


















































8% as shown in Table 3.4 and Table 3.5 for particle size estimation of 1.00 and 1.54 
μm respectively. The reason for this is the FOV of the developed device is quite small 
(280 x 280 μm2). This is lead to small amount of the probe particles are presented in 
the acquired image. 
 
Table 3.4. Particle size estimation of 1.00 μm polystyrene microparticles with various dilutions by 




Estimated average particle size 
(μm) 
Absolute error (%) 
Developed 
device 
DLS Developed device  DLS 
10 0.92 0.25      8.00 75.09 
102 1.03 1.05      2.76  5.02 
103 0.98 0.98      1.67  1.60 
104 1.08 0.82      8.38 17.76 
105 0.07 0.48 6,893.00 51.55 
 
Table 3.5. Particle size estimation of 1.54 μm polystyrene microparticles with various dilutions by 




Estimated average particle size 
(μm) 
Absolute error (%) 
Developed 
device  
DLS Developed device  DLS 
10 1.48 0.43     4.17 71.84 
102 1.55 1.38     0.51 10.35 
103 1.56 1.49     1.15  3.33 
104 2.26 0.92    46.67 40.37 
105 0.002 0.75 9840.18 51.05 
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In summary, our device can estimate the concentration of 1.00 μm and 1.54 μm 
polystyrene particles between 10 – 103 fold dilutions of original concentrations which 
are 4.55 x 1010 and 1.51 x 1010 particles/mL respectively. However, the reference DLS 
system can accurately estimate the bead sizes in the range of 102 – 103 times of original 
concentration. In contrast to the DLS, the developed device is able to measure 
concentrated microparticles with diameters of 1.00 and 1.54 μm up to 4.55x109 and 
1.51x109 particles/mL (10 times dilution) respectively. 
 
C Performance evaluation 
This section measured the agreement of particle size estimation between the developed 
device and the DLS system. Particle solutions with diameters of 0.29, 0.35, 0.52, 1.00, 
and 1.54 μm are diluted by 102 times of their original concentration. The particle sizes 
obtained by both devices are plotted as shown in Figure 3.1. 
 
  
Figure 3.11. A correlation plot between our device and the reference DLS system. 
 
According to Figure 3.11, this experiment shows the correlation between our device 













































our device and the reference DLS system. The bead sizes used in this experiment are 
0.29, 0.52, 1.00 and 1.54 μm. The result shows that bead size estimation of our device 
has highly correlated with the reference DLS system which is indicated by r-squared 
value (0.96).  
 
3.4 Conclusions 
In this chapter, a DDM based device was developed for rheological investigation of 
fluids. In contrast to typical DDM device, this device employs a low-cost webcam as 
a sensor which allows for resource limiting countries. However, the webcam may 
discard some images in order to transfer them to a computer in real-time. This problem 
is considerable in a typical DDM calculation, which assumes every image has a fixed 
lag-time. As a result, time information that associated with each image is inaccurate 
if there are some images discarded. In this chapter, a time-stamp image is implemented 
to associate actual time information to the image captured by the webcam. Thus, the 
developed device produces more reliable result. 
 
Microparticles were then added to a fluid of interest and their motions were obtained 
by the developed device to infer the corresponding rheological response fluid using 
passive rheology principle. However, the size and concentration of the probe particle 
were found to be crucial, as the probe must be visible to the device and concentrated 
enough to contribute the motion signals. This chapter characterised the probe sizes 
and concentration that can be used for the developed device to measure. The results 
were compared with a commercial dynamic light scattering system (Malvern Zetasizer 
Nano ZS90) for verification.  
 
In 102 and 103 fold dilutions from factory prepared samples, both systems can estimate 
the beads sizes accurately. In contrast to low concentration (104 and 105 times), both 
systems cannot achieve accurate result with the absolute errors are more than 8%. 
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However, our developed system provides more reliable result than the DLS system at 
10 times dilution. From the experiments, the particle size estimation of 0.52 μm probe 
particle shows the lowest mean absolute error of 1.92% in 102 dilution. In addition, its 
SD is also the lowest at 0.02 μm in 102 dilution.  
 
Particle size estimation of 1.00 μm probe particle also shows a comparable mean 
absolute error with the 0.52 μm at 2% in 103 dilution with SD of 0.05. As a result, the 
probe with diameter of 0.52 μm and 1.00 μm can be used as probe particles for 







Chapter 4  
Newtonian and non-Newtonian fluids 
A fluid actuated by a shear force results in a deformation as the fluid cannot resist 
the applied force. Unlike ideal fluids, the real fluid has a resistance to the act of force 
against the deformation, known as its viscosity [78]. In Newtonian fluids, the fluid 
obeys the Newton’s law of friction for which the viscosity is independent to the applied 
shear  [76], [78]. In contrast to non-Newtonian fluid, alteration of viscosity relies on 
the applied shear [76], [78]. Such reversible shear-dependent behaviours are important 
physical properties of materials in occurrence of flow situation as many materials 
exhibit non-Newtonian characteristic. Thus, the study these physical properties allow 
for understanding the nature of how the materials flow and why they do not flow as 
normal. 
 
In fact, knowledge of the material properties important as it enables us to predict 
variable practical parameters of interest in the real-world. For instance, toothpaste 
needs to be viscous enough to sit on the brush. At the same time, it should be easy to 
squeeze out from the tube [76] and must stop flowing immediately after it has been 
applied to the brush [124]. Thus, the toothpaste viscosity is altered due to the applied 
shear force which affect to the material behaviour where the shear-dependent viscosity 
can be described within the flow of material [79]. Similar realisations can be seen in 
tomato ketchup, being squeezed from a bottle, or in humans, in the evolution of the 
tear drop (shear thinning) or the mucus in the throat (shear thickening). 
 56 
 
In general, viscosity of fluids can be characterised by a viscometer. However, only fluid 
that obeys Newton’s viscosity law, known as Newtonian fluids, can be measured [125]. 
On the contrary, rheometers [126], [127] are mainly used to measure the viscosity of 
all type of liquids which are both Newtonian and non-Newtonian [125]. Such a device 
typically requires a volume of fluid sample to fill in its sample container and a rotating 
part, which is submerged in or contacted to the fluid, which is rotated during a 
rheological measurement. Subsequently, the resistance to the flow of the fluid is 
observed from the applied force to the rotating part. However, large quantities of at 
least a millilitre of sample is necessary for evaluating of the bulk rheological 
parameters [128].  
 
In contrast in microrheology [28], [64], [70], [129], rheological parameters can be 
observed within microlitre sample volumes. By employing tracer microparticles, 
movement of the particles is either manipulated (active microrheology) [130] or solely 
influenced by Brownian motion (passive microrheology) [64].  Accordingly, 
displacement upon Brownian movement of the microparticles is monitored. For 
rheological assessment, the tracer displacement is analysed using the GSER [64], [86], 
[130].  Both microrheological assessment approaches are founded to meet excellent 
agreement with mechanical rheometry [130], although system complexity of passive 
approaches is relatively simple to implement because it does not need a system to 
control the probe motion. 
 
Characterisation of fluids via passive microrheology has been visualised by two most 
common approaches, namely those involving microscopy and light scattering [24], 
[131]. In microscopy, trajectories of the tracer particles are monitored and tracked by 
video particle tracking algorithm. The obtained trajectories of the particles can 
directly yield average mean square displacement 〈∆𝑟"(𝑡)〉	respected to time 𝑡 which 
can be converted to rheological measurement of the fluid. However, inevitably, 
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occurrence of noise by image acquisition system causes positioning error to the 
algorithm. To tackle this problem, spatial resolution of the acquisition system is 
increased [132] or improvement of tracking algorithms [133] to allow for more precision 
in particle localisation.  
 
In contrast, light scattering approaches can extract rheological information of the fluid 
without requirement of time-consuming tracking algorithm. In this methodology, light 
shines through a sample fluid which is embedded with tracer particles, and the 
scattered light is recorded by a high-sensitive light detector to calculate time-
correlation function of the tracer at a certain angle [64], [134].  
 
Recent development for characterising the fluid has been proposed as a DDM [135], 
[136]. This relatively new approach analyses microscopic images for conducting light 
scattering experiments [35]. More recently, a further development of this approach 
allows for evaluation of viscoelastic behaviours of fluids [24]. 
 
In this Chapter, the main aim was to study rheological behaviour of Newtonian and 
non-Newtonian fluids using a passive microrheology. To achieve this, a passive 
microrheology was developed and validated. This device was based on a differential 
dynamic microscopy which was able to perform light scattering experiment by means 
of microscopic images. However, the pre-installed light configuration of microscope is 
inadequate for some (opaque and highly scattering) biological samples such as human 
whole blood, as the light detector of the device collects relatively weak signal (and 
image noise becomes a major presence).  
 
To tackle this problem, light sources wavelength of 532 and 860 nm can be manually 
selected for illuminating the samples in order to record strong scattering signal which 
improves the signal-to-noise ratio. For rheological measurement, a small quantity of 
microparticles was added to the fluid sample as a tracer. To investigate rheological 
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property, the movements are monitored and recorded by the developed DDM-based 
device. Next, DDA was performed to the recorded data to evaluate mean square 
displacement of the particles. Accordingly, viscoelastic behaviours of the fluid are 
obtained by a numerical conversion of the mean square displacement using a direct 
conversion approach [70]. The Cox-Merz rule is applied to the viscoelastic behaviours 
for a steady-shear viscosity conversion [71], see Chapter 2. 
 
4.1. Material and Method 
Stock solutions of glycerol (purity ³ 99.5%, Sigma Aldrich, part no. G9012) and 
poly(ethylene oxide) (PEO, 𝑀a = 2 × 10b	𝐷𝑎, Sigma Aldrich, part no. 181994) were 
used as fluid samples of Newtonian and non-Newtonian fluids, respectively. In fact, 
these solutions are standard material for rheological study and viscosity data are 
widely available.  
 
Polystyrene microparticles are employed in both fluids to trace their motion by the 
developed device to measure fluid viscosity. The viscosity measurements were 
compared with reported data [137], [138]. To obtain fluid viscosity, diffusion coefficient 
𝐷 can be obtained from a relationship between characteristic time 𝜏W and wave vector 
𝐪 as 𝐷 = 1 𝜏W𝐪"⁄  [35], [36]. Then, the diffusion coefficient 𝐷 was inserted in Stokes-
Einstein equation for calculating viscosity of the fluid with prior knowledge of tracer 
size and measurement temperature [35], [36], [38].  
 
This analytical procedure is only valid for the Newtonian fluid which its viscosity does 
not change upon applied shear. To enable shear-dependent viscosity measurement, the 
GSER was performed on mean square displacement of the tracer particle [24], [67], 
and the Cox-Merz rule is applied to retrieved steady-shear viscosity measurements 
[71], [139]. It is important to note that all measurements are conducted in a 
temperature controlled room at 20°C. 
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4.1.1. Newtonian fluids 
A. Deionised water 
Validation of viscosity measurement is essential for evaluating performance of the 
developed device. The viscosity of deionised water obtained by the device was 
compared with a reference viscosity measured using a viscometer [120]. In the 
measurement, a monodisperse microparticle size of 0.52 μm was added to deionised 
water at mixing ratio of 1: 1000 to probe the viscosity. Furthermore, various sizes of 
microparticles (0.52, 1.00, and 1.54 μm) were added to the water to investigate 
viscosity of the water. 
 
B. Glycerol-water mixtures 
Viscosity spectrum was performed by measurement of developed device by 
experiments of wide range viscosity of Newtonian fluids. In general, glycerol-water 
mixtures are usually used as a standard test fluid, providing a broad viscosity range 
from 1.005 to 1412 mPa.s at 20 °C[140]. For mixture preparation, various viscosities 
are obtained by adding different quantities of glycerol stock solution to deionised water 
where the total weight is restricted to one gram. Vortex mixing was used to 
incorporate glycerol and water mixture. In this work, the glycerol-water mixtures 
ranging from glycerol content of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 percent 
by weight were prepared.  
 
4.1.2. Non-Newtonian fluid 
A. Aqueous PEO solutions 
In viscoelastic fluids, PEO solutions are typically used as an example of viscoelastic 
material [139]. In preparation, PEO powder molecular weight of 200,000 g/mol 
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(Aldrich, 181994-250G) was dissolved by deionised water at PEO content of 1, 2, and 
5 %wt. Then, the solutions were incubated for 2 days to allow them to completely 
dissolve [139]. For rheological measurements, the solutions were prepared by 
dispensing polystyrene microparticles sizes of 0.52 and 1.54 μm in each solution with 
the identical percentage volume of 0.1.  
 
4.1.3. Examination of viscosity by a developed device 
The developed device, which is presented in Chapter 3, acquired measurement data 
of prepared Newtonian and non-Newtonian fluids. To perform a measurement, these 
fluids used polystyrene microparticles as a tracers. Next, an approximately 6.0 μL of 
sample was dispensed in an in-house microchamber. Then, the microchamber was 
placed in the sample holder of the device. In data acquisition, a sequence of images 
was recorded by an image sensor of the device. Following this, the DDA was performed 
on the recorded data to retrieve intermediate scattering function  
 
A. Intermediate scattering function 
Collision of solvent molecules with embedded microparticles causes the microparticles 
to move randomly while the whole fluid is at rest (i.e. through Brownian motion). 
These movements cause intensity fluctuations which were recorded by the developed 
device. In DDM principle, the intensity fluctuation can be defined by equation [35], 
[36], [38]: 
 
𝑆(𝐪, 𝑡) = 𝐴(𝐪)[1 − 𝑓] + 𝐵(𝐪) (4.1) 
 
where 𝑆(𝐪, 𝑡) represents the signal at wavevector 𝑞 and time 𝑡,	𝐴(𝐪) is the related to 
scattering properties of particles and optical setup [36],	𝐵(𝐪) accounts the noise term 
of the system, and	𝑓 is the normalised intermediate structuring function. 
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For Brownian motion, the intermediate scattering function was characterised as 
exponential decay of 𝑒4+
6
70
?, where t is the lag time, and 𝜏W = 1 𝐷𝐪"⁄  is a characteristic 
time which indicates the time taken by a particle to move a distance 𝐪+@ µm [141]. 
Accordingly, diffusion coefficient 𝐷 can be obtained which benefits for further analysis 
of particle size and viscosity of solvent solution. 
 
B. Stokes-Einstein equation 
According to Stokes-Einstein equation [28], diffusion coefficient of the particles in 











Where 𝐷 represents the diffusion coefficient,	𝑘! is the Boltzmann constant,	𝑇 is the 
absolute temperature,	𝛾 is frictional coefficient,	𝜂	is the viscosity of the solution, 
and	𝑎 is the diameter of the colloidal particle. 
 
In fact, analysing Brownian motion using the Stokes-Einstein equation is valid only 
to a spherical particle, as stated in Chapter 2, the friction coefficient derived by Stokes 
is only applicable for spheres. For non-spherical particles, the frictional coefficient 𝛾 
can be expressed through the diameter of sphere with equal projected and surface area 
that move parallel and normal to the observed plane, as derived in [142]. Moreover, 
the equation is only restricted for Newtonian fluid analysis, as Stokes law is not valid 
for viscoelastic medium [141]. 
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C. Generalised Stokes-Einstein relation and Cox-Merz rule 
A further analysis extends the Stokes-Einstein equation enabling investigation of 
viscoelastic materials as known as GSER, [26]. The GSER employs Langevin equation 
establishing a relationship between ensemble-average mean square displacement of 
such particles and viscoelastic properties of the suspending fluid in Fourier frequency 
domain [26]. For this relationship, the mean square displacement of tracer particles is 
essential to obtain viscoelastic modulus of the material.  
 
In DDM principle, the mean square displacement can be obtained via the intermediate 
scattering function in which 𝑓 = 𝑒+
𝐪!
) 〈∆-
!(&)〉 [24]. In general, performing GSER to the 
mean square displacement introduced numerical artefact at high frequency. 
Nevertheless, a direct conversion of mean square displacement is an alternative 
approach to evaluate artefact-free viscoelastic moduli [143].  
 
The majority of rheological characterisation investigates Newtonian and non-
Newtonian fluids in steady-shear viscosity particularly in human blood sample [73]. In 
contrast to oscillatory shear experiment, complex viscosity can be obtained by 
𝜂∗(𝜔) = 𝐺∗ 𝜔⁄  where 𝐺∗ is the viscoelastic modulus, and 𝜔 represents the angular 
frequency. However, the complex viscosity can be converted to steady-shear viscosity 
via empirical Cox-Merz rule [71]. In summary, the calculation scheme to obtain steady-




Figure 4.1. Calculation scheme for preforming steady-shear viscosity by passive microrheology, 
involving 1. The GSER and 2. The Cox-Merz rule. 
 
4.2. Experimental results 
4.2.1. Stokes-Einstein equation analysis 
A. Deionised water 
Viscosity measurement of deionised water is an essential procedure for validation of 
the developed device. To obtain viscosity of the water, polystyrene microparticles were 
employed to a volume of the water at mixing ratio of 1:1000. The sample was gently 
mixed to incorporate the microparticles. An image sequence was acquired by the 
developed device.  Following this, DDA was performed on the image sequence to 
retrieve intermediate scattering function. For Brownian particles, the intermediate 
scattering function corresponds to exponential of decay of 𝑒4+
6
70
? . As 𝜏W = 1 𝐷𝑞"⁄ , 
diffusion coefficient of the particles was obtained by determining the slope between @
)0
 
and 𝑞" as shown in Figure 4.2. 
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Figure 4.2. A plot of 1/tc and q2 of suspended polystyrene microparticles of 0.52 μm in 20°C deionised 
water. The pink line represents a linear fitting of the plot data from the wave vector range of 0 to 
3.87 μm-1. Slope of the fitted line indicates the diffusion coefficient of the microparticles which is   
0.79 μm2/s. 
 
From Figure 4.2. the result diffusion coefficient was 0.79 μm2/s from added polystyrene 
microparticles sized at 0.52 μm in 20°C deionised water. To achieve the standard 
deviation of the developed device, a three-fold replicated was collected and analysed 




Figure 4.3. A plot of 1/tc and q2 of suspended polystyrene microparticles of 0.52 μm in 20°C deionised 
water from three-fold replication. The pink line represents a linear fitting of the plot data from the 
wave vector range of 0 to 3.87 μm-1. Slope of the fitted line indicates the diffusion coefficient of the 
microparticles which is 0.80 μm2/s. 



























Regarding to Equation (4.2), the viscosity of the water was calculated from the 
obtained diffusion coefficient. From the calculation, the resulting mean and standard 
deviation of viscosity was 1.03 ± 0.01 mPa.s. For comparison with reference values in 
[120], mean absolute percentage error [144] was calculated to determine measurement 




0L\@ , where n is the total data points, 𝑎L refers to 
a measurement at data point 𝑖, and 𝑟L is a reference value at data point 𝑖. In this 
measurement, the mean absolute percentage error was estimated as 3.03 %. 
 
Various sizes of tracer particle can be used for investigation of diffusion coefficient of 
fluid of interest. To demonstrate this, polystyrene microparticles with diameters of 
1.00 and 1.54 μm were used to the deionised water for the viscosity investigation. 
These suspensions were measured by the device at room temperature of 20°C then 
compared against the result obtained among such tracer particles. For clearly 
illustration, the result plot of @
)0
  and 𝐪" was fitted from 𝐪" between 0 and 15 𝜇𝑚+" 
where @
)0
  had linear relationship with 𝑞". The result diffusion coefficients of the tracer 
particle size of 0.52, 1.00 and 1.54 μm are shown in Figure 4.4. 
 
 
Figure 4.4. A plot of 1/tc and q2 of suspended polystyrene microparticles of 0.52, 1.00, and 1.54 μm in 
20°C deionised water. The green, pink, and black dots represent the microparticles size of 0.52, 1.00, 
and 1.54 μm. Colour lines represent a linear fitting of the plot data from the wave vector range of 
0.00 to 3.87 μm-1. Slope of the fitted line of the microparticles size of 0.52, 1.00, and 1.54 μm are 0.79, 
0.46, and 0.28 μm2/s. 

















As in Figure 4.4, diffusion coefficients of the particles sizes of 0.52, 1.00, and 1.54 μm 
diluted in deionised water at 20°C were illustrated. The fitted lines between @
)0
 and 𝐪" 
indicated diffusion coefficients of such particles which experience Brownian motion. 
The obtained diffusion coefficients revealed that small particle provided results with 
lower values than larger particles, as small particles moved more in a unit of time 
than the larger particle. The experiment was performed as a three-fold replicatate 
enabling calculation of a mean and SD of the measurement. To obtain viscosity, the 
measurement diffusion coefficient were substituted in Stokes-Einstein equation. 
Accordingly, the viscosity of deionised water at 20°C by three sizes of probe particles 
are represented in Table 4.1. 
 
Table 4.1. Diffusion coefficient and viscosity measurement of the 20°C deionised water using various 
tracer size.  
 
Tracer size (µm) Diffusion coefficient (µm2/s) Measured viscosity (mPa.s) 
0.52 0.80 ± 0.01 1.03 ± 0.01 
1.00 0.43 ± 0.01 1.03 ± 0.01 
1.50 0.28 ± 0.01 1.03 ± 0.03 
 
According to Table 4.1, the viscosity measurements of deionised water at 20°C was 
obtained using various tracer sizes by three-fold replication of experiment conducted 
by the developed device. Diffusion coefficients of tracer particles sizes of 0.52, 1.00, 
and 1.54 μm were added to the water for viscosity examination. As represented in 
Table 4.1, diffusion coefficient depended on sizes of the tracer particles, although the 
diffusion coefficients yielded, gave the viscosity of water with no significant difference. 
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B. Glycerol-water mixtures 
In sample preparation, glycerol was diluted by a deionised water ranging from 0 to 
100 %wt by glycerol content. Then, polystyrene microparticles size of 0.52 μm were 
added to these glycerol-water mixtures, as a tracer particles. Each mixture was 
pipetted approximately 6.0 μL and dispensed in an in-house microchamber. Then, a 
cover slip was placed on and sealed with nail vanish to prevent sample evaporation. 
Following this, the microchamber was put on a sample holder of the developed device. 
Accordingly, a sequence of images was acquired by the developed device, which was 
processed by DDA to retrieve intermediate scattering function. The diffusion 
coefficient of the tracer particles was obtained by determine the slope between @
)0
 and 
𝐪" as illustration in Figure 4.2. Then, viscosity of the mixture was obtained by using 
Stokes-Einstein equation (4.2). Following this, result viscosities of the glycerol-water 
mixtures were listed and depicted in Table 4.2 and Figure 4.5, respectively. 
 
Table 4.2. Viscosities of glycerol-water mixtures at 20 °C indicated by glycerol content using 
developed device in comparison with reference capillary viscometer measurement. 
 
 Glycerol content (%wt) 
0 10 20 30 40 50 60 70 80 90 100 
Obtained 
viscosity (mPa.s) 
1.02 1.31 1.79 2.64 3.87 5.56  9.08 17.90 44.10 117.80  209.60 
Reference [137] 
(mPa.s) 





Figure 4.5 Viscosity as a function of glycerol weight fraction at 20 °C using the developed device in 
comparison of a reference capillary viscometer. Black solid circles are the obtained mean viscosity by 
three-folded replication using the developed device whereas the error bar was the standard deviation. 
The pink solid rectangles are results from the reference capillary viscometer measurement [137]. 
 
From Figure 4.5, it can be seen that the result was in agreement with reference 
measurement. However, the measurement diverged from reference values with 
increasing glycerol mass fraction in the mixture as the embedded tracer particles were 
hindered from movement in highly viscous material. As a consequence, the result of 
image difference was close to zero. Thus, the DDA collected gave a low signal. From 
this experiment, relative absolute error of the measurement indicated by glycerol mass 
fraction are represented in Figure 4.6. 
 
 














































4.2.2. Shear-dependent viscosity 
A. Deionised water 
Unlike analysis with Stokes-Einstein equation, a shear dependent viscosity was 
obtained using the analysis of GSER as described in Chapter 2.4. In brief, the mean 
square displacement of the employed probe tracer was retrieved by the DDA. Then, 
a numerical conversion was performed on the mean square displacement to extract 
the viscoelastic properties of the sample. Finally, shear-dependent viscosity is obtained 
by a conversion of the obtained viscoelastic properties using the Cox-Merz rule.  
 
For demonstration, an experiment was conducted to examine viscosity of deionised 
water by using 0.52 μm polystyrene microparticles as tracer particles. A volume of the 
water was added to an in-house microchamber and a slide added to secure and enclose 
the fluid in place. Then, the microchamber was placed in the sample holder of the 
device to secure the sample in place. Next, the movement of the particles was recorded 
for 2 minutes. Accordingly, the recorded data was analysed using a procedure detailed 
in Chapter 2.4 to obtain viscoelasticity of the water, see Figure 4.7.  
 
   
Figure 4.7. Viscoelastic propoerties as a function of angular frequency w of deionised water at 20 °C 
using polystyrene microparticle size of 0.52 μm. It is important to mention that negative value of loss 
and storage moduli cannot be plotted in log-log plot.  

































From Figure 4.7, the obtained viscoelasticity exhibited mostly the loss modulus (𝐺′′) 
part due to the deionised water is purely Newtonian fluid [78]. However, this 
conversion algorithm generated artefacts from frequencies at 10.0 rad/s due to the 
two-step numerical conversion [69], [70]. Furthermore, this method reported that its 
conversion underestimated loss modulus [77]. In contrast to direct conversion method 
[69], [70], this alternative approach can eliminate numerical artefacts at high frequency 
by a single conversion step. Creep compliance 𝐽(𝑡)  is directly converted into 
viscoelastic modulus 𝐺∗(𝜔). However, data interpolation and extrapolation of the 
Creep compliance 𝐽(𝑡) is necessary [70].  
 
To demonstrate these numerical conversions further, a solution of 0.52 μm polystyrene 
particles was diluted in deionised water as a test sample. Following this, the signal 
was acquired by our DDM device then analysed using the DDA. The next procedure 
was to calculate the mean square displacement of tracer particles regarding to Section 
2.4.  
 
The obtained mean square displacement was then converted to viscoelastic moduli 
using GSER. The mean square displacement was converted to creep compliance by 
𝐽(𝑡) = 〈Δ𝑟"(𝑡)〉 ∙ /:
]5^
 for performing with the direct conversion method. The result of 






Figure 4.8. Experimental result of viscoelastic properties of deionised water at 20°C using GSER and 
[26], [86], and direct conversion approach [69], [70]. Pink stars and black upward triangles represent 
loss and storage modulus of GSER conversion approach respectively. For direct conversion approach, 
purple opened circles and opened green upward triangles are loss and storage modulus respectively. It 
is important to mention that negative value of loss and storage moduli cannot be plotted in log-log 
plot. 
 
From Figure 4.8, two numerical conversions using the same measurement data were 
compared using data obtained by adding 0.52 μm tracer particles to deionised water. 
The measurements were performed by the developed device to probe viscoelastic 
properties of deionised water at 20 °C. Both numerical conversions revealed loss 
moduli 𝐺JJ parts since the deionised water was a Newtonian fluid. The loss moduli 𝐺JJ 
was obtained from both numerical conversions and were in the same trend where the 
frequency response 𝜔 below 10.0 rad/s. However, the loss modulus 𝐺JJ obtained from 
GSER has a numerical artefact at frequency >10.0 rad/s. In addition, the storage 
modulus 𝐺J  obtained from GSER was appeared at some frequency responses. In 
contrast to direct conversion approach, numerical artefact from frequency response, 𝜔 
> 10.0 rad/s vanished. Nevertheless, storage modulus 𝐺J  from both conversion 
approach were unable to be displayed in the log-log plot (as they had negative values).  
 
































G’ (Direct conversion approach)
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 72 
To evaluate shear-dependent viscosity, the Cox-Merz rule was applied to the retrieved 




absolute value of the complex viscosity |𝜂∗(𝜔)|  was used to estimate its shear-
dependent viscosity, and was in good agreement to mechanical rheometry experiments 
[139]. The result shear-dependent viscosity are shown in Fig 4.9. 
 
 
Figure 4.9. The corresponding shear-dependent viscosity of using Cox-Merz rule with the viscoelastic 
moduli obtained by the direct conversion approach in Figure 4.8. Black opened circles are the result 
shear-dependent estimation using Cox-Merz rule. The pink line represents mean value of the viscosity 
for all measuring shear rate which is 1.02 mPa.s 
 
From Figure 4.9, the results showed viscosity as a function of shear rate of deionized 
water at 20°C using 0.52 µm as tracer particles. Apparently, there was no significant 
alteration of the result viscosity upon the measuring shear rate because the water was 
a Newtonian fluid. For verification, the measurement was replicated by employing 
various sizes of tracer particle in which the result steady-shear viscosity were 
illustrated in Figure 4.10 and 4.11 respectively.  
 

















































    
Figure 4.10. Viscoelastic properties of deionised water at room temperature of 20°C probed using 
Polystyrene microparticle sizes of 0.52, 1.00, and 1.54 µm. 
 
Regarding to Figure 4.10, viscoelastic properties of deionised water at 20°C by tracer 
size of 0.52, 1.00, and 1.54 µm were displayed. The result indicated the loss moduli 
𝐺′′(𝜔) were independent from size of the tracer. The storage moduli 𝐺′(𝜔) were 
negatives.  
 
   
Figure 4.11. The corresponding viscosities of deionised water at 20°C obtained by 0.52 (Purple 
downward opened triangles), 1.00 (Pink squares), and 1.54 (Black opened circle) μm sizes of tracer 
microparticles. The result steady-shear viscosities are revealed by performing Cox-Merz rule to Figure 
4.10. 
 






















































From Figure 4.11, shear-dependent viscosities of deionised water at 20°C were 
measured using polystyrene microparticle sizes of 0.52, 1.00, and 1.54 μm. The 
resulting viscosities remained remarkably stable along the measuring shear rates 
because the deionised water was Newtonian fluid. However, these viscosities were 
slightly different which might be caused by the variations of the sample temperature 
and uniformability of the employed tracer particle. 
 
B. Glycerol-water mixtures 
In these experiments, a shear-dependent viscosities of glycerol-water mixtures were 
obtained by performing calculation according to Section 4.1.3.C with experiment data 
in 4.2.1.B. Viscosities of the mixtures relied upon a ratio of glycerol content rather 
than water viscosity of pure glycerol was relatively high in comparison with deionised 
water (measuring at the same temperature). For a measurement, a stock solution of 
0.52 μm polystyrene microparticles were added to the prepared glycerol-water 
mixtures at dilution ratio of 1: 1000. The mixtures were dispersed and secured in in-
house microchamber. Then, their viscoelastic properties were evaluated using the 
direct conversion approach. Finally, the obtained viscso-elastic properties were 






Figure 4.12. The corresponding Shear-dependent viscosities of glycerol-water mixtures according to 
the measurement described in section 4.2.1.B. 
 
From Figure 4.12, the result indicated that shear-dependent viscosities of glycerol 
ontent of 0 to 50 %wt were not significantly different as a function of the shear rate. 
In contrast to glycerol content of 60 to 100 %wt, their viscosities depended on shear 
rate which were inaccurate. These incorrect results were the limit of the measurement 
due to the employed tracer particles were barely move in high viscosity fluid (from 
glycerol content of 60 %wt). As a result, DDM collected relatively low movement 
signal since the difference of images are calculated.  
 
C. Non-Newtonian fluid : PEO-water solutions 
In this section, shear dependent viscosity of a viscoelastic material was examined using 
the developed device for the viscoelasctic measurement. In general, PEO-water 
solutions are usually used for examining of viscoelastic behavior [41]. To evaluate the 
viscosity, polystyrene particles size of 0.52 μm were added as tracer particles by 
diluting the particles 1,000 times using the PEO-water solution. A 6.0 μL of sample 
was dispensed in an in-house microchamber and put in the developed device to hold 
the sample in place. Next, motion of the tracer was recorded for DDA to analyse. 































































Viscoelastic properties of the PEO-water solution were obtained using the direct 
conversion approach. The result viscoelastic properties were plotted in the Figure 4.13. 
 
   
Figure 4.13. Viscoelastic properties of 5%wt PEO in deionised water measuring at 20°C by three-
folded replication. Pink upward triangles and black open circles are average loss and storage moduli 
respectively. The error bars represent standard deviation of the measurement. It is important to note 
that error bars shorter than symbol size cannot be plotted by the software (Prism 8). 
 
From Figure 4.13, the evaluated viscoelastic properties of 5%wt PEO-water solution 
exhibited both of loss and storage moduli from a three-folded replication of the 
measurement. The result loss modulus dominated the storage modulus in all range of 
measuring frequencies. The appearance of storage modulus in the PEO-water solution 
is due to the polymer chain entanglement particularly in high concentration and high 
molecular weight [145], [146]. As a result, the viscosity shows shear-dependent 
behaviour as it relies on both of loss and storage moduli according to the viscosity 
calculation from Cox-Merz rule [71]. The corresponding steady-shear viscosity of 5%wt 
PEO-water solution is illustrated in Figure 4.14 
 




































   
Figure 4.14. Steady-shear viscosities of deionised water and PEO-water solutions measured at 20°C 
using 0.52 μm tracer particles. Red, green, and purple dots represent average viscosities of 1%, 2%, 
and 5% PEO by weight content in the solution respectively. Black dots are steady-shear viscosity of 
deionised water which represents a reference Newtonian fluid. Error bars indicate standard deviation 
of three-folded replication of the measurement. The error bars shorter than symbol size are unable to 
displayed. 
 
From Figure 4.14, result steady-shear viscosities of PEO-water solutions were plotted. 
Increment of PEO content elevated viscosity of the solution for all shear rates. In 
addition, the viscosity profile had a dependence on shear rate for 1%wt and 2%wt 
PEO-water solutions. However, the obtained viscosity indicates the PEO-water 
solution behaved a shear-thinning fluid which is analogous to the reported work [41], 
[145]. This behaviour indicates non-Newtonian behaviour since the viscosity is 
dependent on the shear rate.  
 
4.3. Conclusions 
In this chapter, steady-shear viscosity was demonstrated using the developed device 
based on differential dynamic microscopy (DDM). The device characterises viscosity 
of the fluid of interest by passive microrheology principle. By adding probe particles 
to the fluid, the mean square displacement of the probe was evaluated. This probe 
displacement was an essential parameter to retrieved the viscoelastic moduli of the 





















































fluid using the GSER. Form the obtained moduli, the corresponding steady-shear 
viscosity was calculated using the Cox-Merz relationship. However, this conversion 
introduces numerical artefacts at high frequencies. As a result, the artefact produced 
inaccurate result viscosity at low shear rate as 𝜔 = @
cde:-	-:&e
 according to the Cox-
Merz relationship. In contrast, a direct conversion method can eliminate the artefact 
by using direct conversion of mean square displacement. Thus, this thesis implements 
the direct conversion method to obtain viscoelastic moduli of the fluid to achieve more 
reliable result. 
 
For validation, steady-shear viscosities of Newtonian and non-Newtonian fluids were 
examined using the developed device. In Newtonian fluid, viscosity of deionised water 
and glycerol-water was investigated by the device and verified with reference value. 
For the water measurement, the obtained viscosity was in close agreement with the 
reference value although the probe size for the investigation was varied. However, 
there were slight deviation of the obtained viscosities in each measurement due to the 
lack of sample temperature control.  
 
To determine measuring viscosity spectrum, glycerol-water mixtures were examined 
using the device (as viscosity variations was depended on glycerol content dissolved 
in the water). In the measurements, the mixtures were prepared by dissolving 
glycerol content from 0 to 100 % wt in deionised water. From the measurement, 
glycerol-water mixtures of 0 to 50 % wt of glycerol content were in good agreement 
with the reference value. However, the relative absolute error was increased along 
with glycerol content. For non-Newtonian fluid, aqueous polyethylene oxide (PEO-
water) solutions were used for demonstrating shear-dependent viscosity 
measurement. The result viscosity of PEO-water solutions exhibited a shear-thinning 
behaviour especially in high polymer content (5 % wt) of PEO. This behaviour is 





Chapter 5  
Particle sizing 
Examining particle size distribution is an essential procedure to obtain physical 
parameter of colloidal micro and nanoparticles. A wide range of applications including 
molecular biology, biomedical engineering, and chemical and physical property studies 
are broadly associated to size of the particles [113], [147], including for example, 
investigation of homogeneity of particles suspended in a fluid, aggregation of 
recombinant proteins, and protein-protein interaction [148]. In general, dynamic light 
scattering (DLS) is a well-established optical approach for particles size distribution 
of micro-nanoparticles [149], [150]. In DLS device, a laser light shines through 
dispersed particles and the incident light is scattered in all direction. Simultaneously, 
these particles are in Brownian motion caused by collision of smaller surrounding 
molecules of the solution. The scattered light is either constructive-phase or 
destructive-phase and its intensity is recorded by a light detector. A correlator 
registers such intensity fluctuations as a function of time and relates this fluctuation 
to a diffusion coefficient. The average size of the particles can be evaluated by Stokes-
Einstein relation from the obtained diffusion coefficient [108]. However, this approach 
is applicable only for monodisperse particles. Hence, there is a demand for a 
measurement system that efficiently determines particle size distribution in a 
polydisperse system.  
 
A cumulant [151] is a most common approach for analysing DLS data of polydisperse 
suspensions [152], [153]. It provides information about average and standard deviation 
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of the decay rate, Γ,	 [152], [154] which can be related to particle size via Stokes-
Einstein relation. Obviously, differential dynamic microscopy (DDM) has a strong 
connection to DLS via intermediate scattering function [35], [155].  
 
A modified cumulant fit [37] can thus be used for DDM data analysis of the 
polydisperse populations as 𝑆(𝑞, 𝑡) = 𝐴(𝑞) 1 − 𝑒(+g&)∙h@(
=6!
! i  + 𝐵(𝑞) , where 𝜇  is 
responsible for variance of the decay rate (Γ = 𝜏W+@)	[152]. This method works well for 
monodisperse solution with a polydisperse index 𝜇 Γ¡⁄ ≤ 0.3 [156], where Γ¡ represents 
the average value of the decay rate. The polydisperse index is dimensionless and it 
indicates uniformity of the sample. That is, the less polydisperse index reveals that 
the dispersed particles have more consistency of their size. In fact, this method does 
not give information about particle size distribution of the dispersed particles in the 
fluid. However, mean and variance of diluted particles can be reconstructed using 
Schulz distribution [157].  
 
Recently developed brightfield differential dynamic microscopy (BDDM) has shown 
its ability to quantify particle size distribution of polydisperse particles [37]. In this 
approach, the detectable particle size is ranged from nanometres to micrometres. 
However, it requires and relies upon the magnification power of optical microscope. 
The BDDM technique was demonstrated to characterise weakly scattering and 
polydisperse nanoscale biological samples, with haemoglobin A and lysozyme, which 
contain polydisperse clusters of radius 70-250 nm, analysed in this work. Mie scattering 
intensities were calculated as a function of scattering angle and weighted by a 
Gaussian function to estimate particle size distribution. This approach is restricted 
only for the Gaussian distribution and it cannot estimate particle size distribution of 
two or more populations of colloidal particles.  
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In this Chapter, a portable DDM for estimating particle size distribution of 
polydisperse population is developed. This device is composed of a LED light source 
coupled with an optical fibre. The light from the optical fibre illuminated a sample 
and due to the particles light was scattered in all directions. This scattered light was 
then collected by a webcam to process and analyse using DDA. Finally, particle size 
distribution was obtained by performing non-negative linear least square method 
(NNLS) with the measurement data.  
 
The benefits of this approach is that it requires remarkably less in computational time 
without the need for complicated calibration [108]. To demonstrate particle size 
distribution, monodisperse and polydisperse microbeads in solutions were studied and 
verified with a gold standard method DLS (Zetasizer ZS90, Malvern Panalytical Ltd). 
 
5.1. Conventional method 
5.1.1. Dynamic light scattering method 
DLS is a well-established method for evaluating particle size distribution of particles 
in a sample fluid [149]. It analyses light fluctuations of dispersed particles which are 
caused by Brownian motion of the particles. These size-dependent fluctuations are 
detected by a light detector. Conventional DLS relies upon homodyne detection [37], 
[158], as only weak scattered light are recorded by the system. Thus, a high sensitivity 
light detector is necessary to the system in order to capture the weak scattered light. 
Usually a photon multiplier tube (PMT) is used for registration of small fraction of 
scattered light. This light detector is often located at 90 degree angle to avoid influence 
of strong light scattered from the sample cell at around 0 degree angle [159]. In particle 
size analysis, the monitored intensities are analysed by self-correlation, also known as 
time auto-correlation function. Then, the autocorrelation function is analysed by 
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constrained regularization method (CONTIN) [160] software package to obtain 
particle size distribution.  
 
5.1.2. Diffusing wave spectroscopy 
A major problem of DLS system is the measurement cannot be done for turbid media 
[161], as the increasing particle content in a solution leads to multiple scattering of 
light before reaching a detector [54]. That is, the incident light scattered from a certain 
particle encounters another particle before it reaches a detector. In fact, the easiest 
way to tackle this problem for DLS system is to dilute and repeat the measurement 
[162]. However, diffusive-wave spectroscopy (DWS) addressed this problem by 
considering the multiple scattered light that is contributed to the correlation function 
[54]. As a result, particle size distribution of turbid media can be obtained by DWS 
[163] using an analytical method used in DLS [164]. 
 
5.1.3. Differential dynamic microscopy  
DDM is a method to quantify dynamics of micro-nanoparticles in a fluid [113]. These 
particles are moving randomly due to collisions of smaller molecules in the fluid, and 
motions are analysed by the Fourier processing to access light scattering information 
that is equivalent to the scattering information obtained by DLS experiment [35], 
[165].  
 
By analysing the recorded motion as mentioned in Chapter 2 and 3, a diffusion 
coefficient of the particles can be evaluated [35], [36]. Finally, this parameter can be 
related to average diameter of colloidal particles by Stokes-Einstein relation. A further 
development of DDM yields particle size distribution of dispersed particles in a fluid 
[37]. However, this analytical methodology is restricted to single Gaussian distribution 
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of the particle size. This is because, the Gaussian function is used to model the particle 
size. 
 
5.2. Particle size analysis by the developed device 
Particle size characterisation of various dispersed microparticles in deionized water 
was performed by the developed device. This device relied upon the DDM principle in 
that it analyses an image sequence in Fourier space to perform light scattering 
experiment similarly to the DLS [155]. In addition, a low-cost webcam was used as an 
image sensor unlike traditional DDM that is based on a camera-equipped optical 
microscope [36]. A main drawback of the employed webcam is the inconsistence of 
image transfer. As a result, some images are discarded which causes incorrect time 
information associated to the recorded image as mentioned in Chapter 3. To tackle 
this problem, time-stamp image was implemented for recording actual time 
information to the DDM calculation which produces more reliable result.  
 
To characterise the particle size, solution of mono and polydisperse microparticles 
were investigated by both of Stokes-Einstein relation and NNLS which were 
implemented in this Chapter. In Stoke-Einstein relation, only the average particle size 
can be obtained as 𝑎 = ]:^
./M`
, see Chapter 3. In contrast, NNLS can recover particle 
size distribution which is also implemented in this thesis. For validation, the obtained 
particle size distributions are compared with a gold standard method (DLS system). 
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5.2.1. Particle sizing using Stokes-Einstein relation  
A. Monodisperse particles 
Samples containing monodisperse population of colloidal particles are identical in size 
and shape [166]. A simple model of the DDM signal to non-interacting monodisperse 
particles in Brownian is given by [35], [36], [38] : 
 
𝑆(𝐪, 𝑡) = 𝐴(𝐪)[1 − 𝑓] + 𝐵(𝐪) (5.1) 
 
where 𝑆(𝐪, 𝑡) represents the signal at wavevector 𝑞 and time 𝑡,	𝐴(𝐪) is related to 
scattering properties of particles and optical setup, [35], [66],	𝐵(𝐪) accounts the noise 
term of the system,	𝑓 = 𝑒4+
6
70
? is the normalised intermediate structuring function, 
[35], [36], [66], 	𝜏W =
𝐪!
M
 is the characteristic time, and	𝐷 is the diffusion coefficient. 
 
A particle size distribution in a sample fluid was measured through the diffusion 
coefficient which is dependent on the particle size. The quantitative description of the 








where  𝑘! is Boltzmann constant,	𝑇 is the absolute temperature (K),	𝜂	is the 
viscosity of the solution, and	𝑎 is the diameter of the colloidal particle. 
 
To estimate the particle size distribution, a sample solution was prepared by diluting 
0.52 μm polystyrene microparticles with deionised water by 1000 times. Then, an 
image sequence of the sample was recorded using the developed device. Subsequently, 
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the image sequence was analysed by the DDA to obtain the intermediate scattering 
function 𝑓.  
 
At this point, characteristic time 𝜏W was calculated by solving 𝑓 = 𝑒
4+ 670
? from known 
values of 𝑓  and time 𝑡 . For noninteracting particles in Brownian motion, the 
characteristic time represents a linear relationship of 𝜏W and 𝐪" which is 𝜏W = 𝐪" 𝐷⁄  
[35]. Thus, the diffusion coefficient is evaluated by determining slope between 1 𝜏W⁄  
and 𝐪" as it is shown in Figure 5.1. 
 
 
Figure 5.1. Illustration of 1/tc and q2 of 0.52 μm polystyrene microparticles in 20 °C deionised water. 
The black line represents the linear fit to the data points (from q2 of 0.95 to 1.95 µm>?) where its 
gradient indicated the diffusion coefficient which is 0.81 μm2/s. 
 
The illustration, see Fig, showed 1/tc versus 𝐪" of monodisperse particles from a three-
fold replication. The linear fitting was described by the equation 1/tc = 0.81q2+0.04 
with R2=1.00. The gradient corresponded to the diffusion coefficient which was 0.81 
μm2/s, see Figure 5.1  
 
To validate the result, the obtained diffusion coefficient was inserted into Equation 
(4.2) with a prior knowledge of measurement temperature and viscosity of the 












D0.52µm = 0.81 µm2/s
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deionised water. Accordingly, the particle size distribution of the dispersed 
microparticles was obtained. From these parameters, the estimated average particle 
size was 0.53 μm which was ~2% as a difference to the nominal factory calibrated 
value (0.52 μm). 
 
B. Polydisperse particles 
In polydisperse particles, non-uniform of several distinct size particle populations of 
varying size are dispersed in a solution of interest [167]. All of these particles 
contribute to the intermediate scattering function regarding to their size. Thus, the 
intermediate structuring function is generalised by summation of exponential functions 
as shown [152]. 
𝑓 = ¤𝐹(Γ)𝑒+g& 𝑑Γ (5.3) 
 
where 𝐹(Γ) is a normalised weight function in which	∫ 𝐹(Γ) 𝑑Γ = 1 and Γ = −1 𝜏W⁄ . 
 
From Equation (5.1), analysing the DDM signal of polydisperse particles using the 
developed device evaluates the average intermediate scattering function as shown in 
Equation (5.3). As a result, analysis using Stokes-Einstein relation yielded only 
average diffusion coefficient of suspended microparticles as 𝑓 = 𝑒4+
6
70
? and 𝜏W = 𝐪" 𝐷⁄ .  
 
To demonstrate this, a mixture of 0.52 μm and 1.54 μm polystyrene microparticles 
were put in an in-house microchamber. Then, the microchamber was placed in the 
developed device to acquire a sequence of images. The DDA was performed on the 
sequence to obtain the intermediate scattering function. Subsequently, 1 𝜏W⁄  and wave 
vector squared 𝐪" of the intermediate scattering function was fitted as illustrated in 
Figure 5.2. The diffusion coefficient is calculated from the slope of the fitting shown 
in Figure 5.2.  
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Figure 5.2 Illustration of 1/tc and q2 of a mixture with 0.52 μm and 1.54 μm polystyrene 
microparticles with mixing ratio of 80:1 suspended in deionised water at room temperature of 20 °C. 
The black line represents linear fitting to the data points (from q2 = 0.95 to 1.95 μm-2) where its 
gradient indicated the diffusion coefficient which is 0.43 μm2/s. 
 
From the results shown in Figure 5.2, the diffusion coefficient was estimated 0.43 
μm2/s. Then, by Equation (4.2) the estimated particle size was 1.00 μm, and it was 
incorrect. Thus, the particle size evaluation was not possible using the presented 
analytical method as demonstrated in Section 5.2.1C. 
 
C. Particle sizing of mono and polydisperse microparticles 
Solutions of monodisperse microparticles were mixed to prepare polydisperse 
microparticles solutions for size investigation of the suspended particles. To obtain the 
particle size, the intermediate scattering function of these solutions were determined 
by the developed device from fitting the signal with Equation (5.1).  
 
Subsequently, the diffusion coefficient was obtained by 𝑓 = 𝑒4+
6
70
? where 𝜏W = 𝐪" 𝐷⁄  
with known values of 𝑓, 𝑡 and 𝐪. Regarding to Stokes-Einstein relation (Equation 
(4.2)), particle size was obtained by 𝑎 = Z:^
R/`M
. 












D0.52µm:150µm=80:1 = 0.43 µm2/s
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In this experiment, mixtures of two microparticle populations were prepared and 
measured with the developed device using stock solutions of both polystyrene 
microparticle sizes of 0.52 μm and 1.00 μm at 0.1´109 particles/mL by using Equation 
(5.6). Following this, these samples were pipetted out 6.0 μL then dispensed in an in-
house microchambers. Next, data acquisition was performed to these microchambers 
to obtain their diffusion coefficients. 
 











(× 𝟏𝟎𝟏𝟐 particles/mL) 
0.35  0.01 1.05 0.35 0.43 
0.52  0.03 1.05 0.52 0.39 
1.00  0.03 1.05 1.00 0.05 
1.54  0.03 1.05 1.54 0.01 
2.10 0.03 1.05 2.10 0.01 
 
For polydispersity measurement, the equalised particle concentration of 0.52 μm and 
1.00 μm solutions were mixed with mixing ratio of 80:1 and 160:1 by volume. Then, 
diffusion coefficients of these samples were evaluated by performing DDA to the 
recorded data. The diffusion coefficients of the mixed particles and monodisperse 
particles are shown in Figure 5.3.  
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Figure 5.3. Illustration of 1/tc versus q2 of monodisperse of 0.52 μm and 1.00 μm which are indicated 
by pink and black dots respectively. In polydisperse solutions, mixtures of 0.52 μm and 1.00 μm are 
mixed at ratio of 80:1 and 160:1 which are indicated by green and purple dots respectively. The pink, 
purple, green, and black lines are obtained by performing linear fitting to the data points. These 
points present average and the error bars are standard deviations of three-fold replication of the 
measurement. The error bars smaller than symbols cannot be shown in the plot. 
 
Figure 5.3 showed a linear dependence between 1 𝜏𝑐⁄  and wave vector squared 𝐪" of 
monodisperse and polydisperse microparticle solutions. The slopes of lines revealed 
diffusion coefficients for 0.52 μm and 1.00 μm particles as 0.81 and 0.48 μm2/s 
respectively. The mixtures of 0.52 μm and 1.00 μm at mixing ratio of 80:1 and 160:1 
indicated their diffusion coefficients within the diffusion coefficient of 0.52 μm and 
1.00 μm.  
 
From these results, it can be seen that the size of particle influenced to their diffusion 
coefficients. The smaller microparticles move faster thus the diffusion coefficient was 
higher than for larger microparticles. In case of mixed microparticle, the diffusion 
coefficient of large particles dominated small particles for the same amount. That was, 
the diffusion coefficient of 80 parts of 0.52 μm microparticles in the mixture (0.53 
μm2/s) was still closer to the diffusion coefficient of 1.00 μm microparticles (0.48 
μm2/s) than the diffusion coefficient of 0.52 μm microparticles (0.81 μm2/s).  












D0.52µm = 0.81 µm2/s
D1.00µm = 0.48 µm2/s
D80:1 = 0.53 µm2/s
0.52µm:1.00μm = 80:1
0.52µm:1.00μm = 160:1





5.2.2. Particle size distribution  
Measurement of particles size distribution is an important application of DLS. Various 
analytical approaches of particle size distribution have been studied for this system  . 
In analogous to DLS, DDM has ability to perform light scattering experiments. Thus, 
such analytical approaches can also be implemented on DDM platform. 
 
A. Non-negative least square (NNLS) 
Analytical methods have been developed to decompose the intermediate scattering 
function to particle size distribution of microparticles in a sample fluid. However, 
nonnegativity least square (NNLS) method [106], [171] was performed in the developed 
device to access particle size distribution. This method ensures that there is no 
negative particle size in the result distribution to reflect real-world information [172]. 
In addition, the NNLS has benefit of spending less in computational time while it 
provides a good particle size estimation result [108], [109].  
 
The first and widely used NNLS [173] was developed an active set algorithm [174]. 
This algorithm partitions the set of measurement variable into active and passive sets. 
The active set contained the variables that violate the constraints whereas the passive 
set does not. The algorithm computes the solution and verify the constrain of each 
element in the active set. Then, the element is moved to the passive set and this 
process is repeated util there is no further update. The details of NNLS algorithm was 
described in [175] and [176]. 
 
For typical DLS system, intensity fluctuations are monitored by a PMT which is 
located at a certain scattering angle. Intensity autocorrelation was performed on such 
fluctuations resulting a single exponential decay. Following this, an analytical method 
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such as CONTIN or NNLS were applied to the decay to recover the particle size 
distribution. However, the particle size retrieval at a single angle does not providing 
a reliable results [107]. In contrast to the DLS, the developed device employed a 
webcam to record intensity fluctuations. The webcam accommodates arrays of micron-
sized photo detectors to measure the scattering intensities at various angles. Due to 
this advantage, a resolution of particle size distribution was enhanced by performing 
multi-angle NNLS calculation [109], [177]. 
 
In general, the intermediate scattering function of monodisperse microparticles was 
calculated as a single exponential decay which is 𝑓 = 𝑒+& )0⁄ . A summation of single 
exponential decays represents a polydisperse solution. Then, weights 𝑤 were added to 
the decays to represent fractions contribution by the particles [178]. The discrete form 









Unlike typical DLS system, scattering angles are accessed through Fourier analysis 
using the DDA [36]. This analysis provides accessibility to Fourier components or 
wave vectors 	𝐪 which were associated with scattering angles 𝜃 = 2𝑠𝑖𝑛+@( 𝐪1
./0
) where 
𝜆 is wavelength of the light source, and n is reflective index of solution [35]–[38], [165].  
 





where 𝐿 represents the size of image and 𝑑𝐿 is pixel correspond to distance [36], [38]. 
For aqueous sample, the developed device accessed the wave vector q from 0.02 to 
8.68 μm-1 which corresponded to a scattering angle of 0.36° to 32.07°. 
 
For Brownian equilibrium, random motions of microparticles cause intensity 
fluctuations in experimental data. The analyses of the fluctuations allows calculations 
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of the intermediate scattering function of the microparticles as a function of wave 
vectors. That is, exponential decays along the wave vectors are retrieved which are 
represented by 𝑒+& )08⁄  where 𝑖 is the index of the characteristic time 𝜏W. For multi-
angle NNLS analysis, these decays are arranged in the form as represented in a system 























where 𝜙_0 = 𝑒
469
702 ,	𝑚 is the total number of measurement time, 𝑛  is the total 
characteristic time collected from DDM device, 𝐗 represents the weight function, 
and	𝐘 is the result distribution. 
 
The aim of NNLS is to obtain coefficient or weight function 𝐗 which represents 
particle size distribution of the measurement. The optimal value of weight function 𝐗 
can be found by 𝐗 = (𝛟^𝛟)+@𝛟^𝐘 under criteria of min|𝐘 − 𝛟𝐗|" , where 𝐗 ≥ 0,	 
[110], [111], [180], [181]. 
 
5.3. Material and methods 
In sample preparation, sample solutions were divided into two groups which were 
monodisperse and polydisperse microparticles. For monodisperse microparticles, stock 
solutions of 0.348 μm, 0.52 μm, 1.00 μm, and 1.54 μm polystyrene microparticles were 
diluted by 100 times with deionised water. Then, each of diluted solution was pipetted 
a 6.0 μL and dispensed into an in-house microchamber. Next, a cover slip was placed 
on the sample and sealed the edge of the cover slip using nail vanish to prevent sample 
evaporation. In data acquisition, the motion of particles in the microchamber was 
recorded by the developed device. Following this, the recorded data were analysed 
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using the DDA to obtain intermediate scattering function. Accordingly, the NNLS 
was performed on the function to evaluate particle size distribution of the sample.  
 
For validation, a DLS (Zetasizer ZS90 Malvern Panalytical Ltd) measured and 
analysed the identical samples that were measured using the developed device. Particle 
size distribution of the samples were obtained using the DLS software which also 
analysed by NNLS algorithm according to the device information [182]. In the 
measurement, 50.0 μL of sample was prepared in a disposable cuvette for a 
measurement. To obtain a reliable result, the sample was rest in the device for 2 
minutes prior to the measurement. Each sample measurement was replicated three-
fold. 
 
In sample preparation, the concentration of the stock solutions of monodisperse 
microparticles were equalised to 0.1´109 particles/mL, each sample of which was 
pipetted according to the calculation in Equation (5.6) [183]. Then, the unit of volume 




𝑦 ∙ 𝜋 ∙ 𝑎R  
(5.6) 
 
where, 𝑥 is the particle weight per mL (g/mL), 𝑦 is the density (g/mL) , and	𝑎 
represents the diameter (μm). 
 
5.4. Experimental results 
5.4.1. Monodisperse particles 
In monodisperse particles, 0.35 μm, 0.52 μm, 1.00 μm, and 1.54 μm of stock 
polystyrene microparticles solutions were used in experiments. The particle size 
 94 
selection was based on a resolving power of the developed DDM system (0.35 μm). In 
sample preparation, each particle population was diluted with deionised water by 1000 
times. Following this, these samples were pipetted approximately 6.0 μL and dispensed 
into in-house microchambers.  
 
Coverslips were placed on the samples with nail vanish around the edges of the 
coverslips to seal them. Then, the developed device acquired the light fluctuations due 
to motion of microparticles which were in the microchambers. Afterwards, DDA 
analysed the fluctuation to obtain their intermediate scattering functions. Then, 
NNLS was performed on rearranged the intermediate scattering functions as indicated 
in Equation (5.5). As a result, the population distributions were inversed and they are 







Figure 5.4. Particle size distributions of polystyrene microparticles dispersed in 20°C deionised water. 
(a) 0.52 μm, (b) 1.00 μm, (c) 1.54 μm, and (d) 2.10 μm. The red and black lines represent particles 
size distributions obtained by the developed device and a DLS system respectively. 
 
Regarding to Figure 5.4(a)-(d), the red lines represented particle size distribution 
obtained by the developed device while the black lines indicated the distributions 
measured by a DLS system. In the developed device, the peak intensities were 78.63%, 
59.29%, 40.78%, and 48.17% at diameters of 0.53, 0.95, 1.59, and 2.09 μm respectively.  
 
Similarity, the particle size distributions obtained by the reference DLS system show 
the peak intensities of 48.20%, 39.00%, 49.43%, and 52.27% at diameters of 0.53, 0.83, 
1.48, and 1.99 μm respectively. However, the particle size distributions retrieved by 
the developed device show narrow distributions compared to the DLS system, as the 
resolution of particle size distribution was enhanced by more information available 








































































at the peak intensities of the developed device and DLS system to the nominal 
diameters are listed in Table 5.2. 
 




Developed device DLS 








0.52 0.53 1.92 0.53  1.92 
1.00 0.95 5.00 0.83  17.00 
1.54 1.59 6.00 1.48  1.33 
2.10 2.09 0.48 1.99  5.24 
 
Results in Table 5.2 shows that the absolute error of the developed device was 
comparable to DLS system. When compared with nominal diameters, the absolute 
error of peak diameters produced by multi-angle NNLS were <10%. That is, the result 
measurement was within ±5% from the nominal value. 
 
A. Particle size distribution beyond limit of resolution 
In this context, limit of resolution restricts an imaging device to perceive of 
microparticles by mean of discrete pixels in an image at a wavelength emitted by the 
device. Two adjacent particles can be resolved as only one particle by the system from 
the limit. In addition, a particle which its size much smaller than the limit, or the 
physical size of 1 pixel, is invisible. This parameter indicates sizes selection of 
microparticles that are suitable for a measurement by the device. Accordingly, the size 
of microparticles should be above the resolution limit therefore the device could detect 
weak scattered signal. For the developed device, the resolution limit of the developed 
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device was evaluated by imaging a prior known length of scalebar as illustration in 
Fig 5.5.  
 
 
Figure 5.5. Resolution limit of the developed device. The scale bar indicates the actual length is 100 
μm and the middle-to-middle distance of the bar measured by the device is 285 pixels. 
 
Figure 5.5 shows that the length of the scale bar of 100 μm was approximately 285 
pixels when measured by the device. Thus, the resolution limit of the developed device 
was 0.35 μm. However, DDM has been reported for measuring the particle below the 
resolution limit [37], [62]. From this reason, particle size distribution beyond the 
resolution limit was also investigated by the developed device. For sample preparation, 
polystyrene particles size of 150, 208, 288, and 348 nm were diluted by 1,000 times 








Figure 5.6. Particle size distributions of polystyrene microparticles dispersed in 20°C deionised water: 
(a) 150 nm, (b) 208 nm, (c) 288 nm, and (d) 348 nm. The red and black lines represent particles size 
distributions obtained by the developed device and a DLS system respectively. 
 
These sample solutions were then pipetted and dispersed into in-house microchambers 
for data acquisitions. Following this, DDA was performed on the data to evaluate 
intermediate scattering functions of the solutions. To retrieve particle size 
distributions, multi-angle NNLS was applied to the intermediate scattering functions. 
The inversed particle size distributions of polystyrene particles sizes of 150, 207.9, 288, 
and 348 nm were shown in Figure 5.6(a) to (d) respectively. 
 
According to Figure 5.6, particle sizes distributions of polystyrene particles sizes of 
150, 208, 288, and 348 nm were plotted in Figure 5.6 (a) to (d) respectively. This 






































































































resolution limit of the developed device (1 pixel » 0.35 μm). Red colour indicated the 
particle size distributions measured by the developed device. The measured particle 
size distributions had peak intensities of 19.57%, 24.48%, 28.18%, and 36.90% at 
diameters of 1066, 212, 312, and 342 nm, respectively. In comparison with DLS, the 
particle size distributions show peak intensity of 42.30%, 42.53%, 44.83%, and 51.07% 
at diameters of 164, 220, 295, and 396 nm, respectively. These results with the nominal 
values were listed in Table 5.3. 
 
Table 5.3. Experimental particle sizes beyond the resolution limit of the developed device in 




Developed device DLS 








150  1066  610.67  164  9.33 
208  212  1.97  220  5.82 
288  312  8.33  295  2.43 
348  342  1.72  396  13.79 
 
 
Results listed in Table 5.3 show that the particle size distribution beyond resolution 
limit of the developed device was determined. From the measurements, peaks of the 
distribution of 208, 288, and 348 nm were in agreement with the DLS measurements. 
The results showed that the developed device could not measure the actual size of 150 
nm solution. Unlike the result from the DLS system, unexpected peaks were presented 
when size of detecting particles becomes smaller as the DLS collects scattered light 
using high sensitivity light detector. 
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5.4.2. Polydisperse particles 
In polydisperse particles, stock solution of polystyrene microparticles were normalised 
to the same concentration as it was presented in Section 5.6.1. Following this, mixtures 
were produced by combining two or more normalised monodispersed particles. From 
Figure 5.3, mixing ratio affects diffusion coefficient obtained by Stokes-Einstein 
relation analysis. In addition, larger particles contributed considerably to the diffusion 
coefficient than smaller particles. However, only an average size of particles could be 
obtained using the Stokes-Einstein relation analysis. In this section, an inversion of 
particle size distribution using multi-angle NNLS for polydisperse particles solution 
was demonstrated. Then, the result was compared and validated with the reference 
DLS system.  
 
A. Binary mixture 
For binary mixture, three mixtures of polystyrene microparticles with diameter of 1.00 
and 2.10 μm were mixed at mixing ratio of 2:1, 10:1, and 40:1. Then, in-house 
microchambers were filled by these mixtures, and they were placed on the sample 
holder of the device. Following this, developed device recorded light scattering due to 
the motion microparticles motion in the microchambers. Next, the recorded data were 
analysed by the DDA to obtain intermediate scattering function. Accordingly, the 
multi-angle NNLS was performed on the obtained intermediate scattering function to 
achieve particle size distribution, see Figure 5.7. 
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Figure 5.7. Particle size distribution of the polystyrene microparticles mixture with diameters of 1.00 
μm and 2.10 μm at three mixing ratios. All of the distributions are evaluated by performing the 
NNLS to the measurement data obtained by the developed device. The black, pink, and green lines 
represent particle size distributions of 1.00 μm:2.10 μm at mixing ratio of 2:1, 10:1, and 40:1, 
respectively. 
 
Figure 5.7 showed the particle size distributions of polystyrene microparticles mixtures 
with diameter of 1.00 and 2.10 μm. At mixing ratio of 2:1, the peak intensities were 
7.18% and 37.89% at diameter of 0.78 μm and 2.23 μm, respectively, although the 
particle concentration of 1.00 μm was two-folded compared to 2.10 μm. For the mixing 
ratio of 10:1, the peak intensities were 33.56% and 12.72% at diameter 8.89 μm and 
1.51 μm, respectively. Nevertheless, there was only one peak of 49.33% at diameter 
8.89 μm for the mixing ratio of 40:1.  
 
In summary, both of proportion and size of microparticles was seen to significantly 
influence to the particle size distribution by the NNLS approach. The increasing 
portion of particles will increase percent intensity of the particle. By analogy to the 
size of particle, larger particles contributed more intensity in the particle size 
distribution, as the larger particle accommodated more pixels in an acquired image 























For validation, particle size distributions measured by the developed devices were 
compared with the result measured using DLS system. In sample preparation, particle 
density of the mixing particle were equalised. Then, mixtures of two particles 
populations were prepared by limiting the mixing ratio to 80:1. In this experiment, 
the mixtures were prepared according to gap size different of two particle populations. 
For two-folded size different, particle sizes of 0.52 and 1.00 μm were used in the 
experiment. These particles were mixed, then, put 6.0 μL of the mixture into an in-
house microchamber. Next, light scattering due to the movement of particles in the 
microchamber was recorded by the developed device. Following this, the recorded data 
were analysed by the DDA to obtain its intermediate scattering function. This 
function was later analysed by the NNLS to evaluate particle size distribution of the 
mixture. The measured particle size distribution is shown in Figure 5.8. 
 
 
Figure 5.8. Particle size distribution of the polystyrene microparticles mixture with diameters of 0.52 
μm and 1.00 μm and mixing ratio of 80:1. The black colour indicates the size distribution measured 
by the DLS system. The pink colour represents the size distribution measured by the developed 
device. The peak intensity by the DLS system is 25.23% at diameter of 0.53 μm while the developed 
device shows two peak intensities of 25.98% and 17.48% at diameters of 0.60 μm and 1.10 μm, 
respectively. 
 



















Figure 5.8 showed particle size distribution of a mixture with diameters of 0.52 and 
1.00 μm and mixing ratio of 80:1. Two peak intensities were obtained at diameter of 
0.60 and 1.10 μm by the developed device. On the contrary, DLS detected only one 
particle population which was represented at diameter of 0.53 μm. However, the result 
populations obtained by the developed device were overlapping between 0.60 - 0.80 
μm, as the gap between two sizes of microparticles were small for the NNLS 
conversion. Therefore, a three-fold gap size was investigated, see Figure 5.9. 
 
 
Figure 5.9. Particle size distribution of a polystyrene microparticles mixture with diameters of 0.52 
μm and 1.54 μm and mixing ratio of 80:1. The black colour indicates the size distribution obtained by 
the DLS system. The pink colour represents the size distribution obtained by the developed device. 
The peak intensity by the DLS system is 21.60% at diameter of 0.62 μm while the developed device 
shows two peaks intensities of 9.81% and 35.27% at diameter of 0.60 μm and 1.73 μm, respectively. 
 
Figure 5.9 depicted particle size distribution of three-fold gap size in a mixture. The 
normalised monodisperse particles with sizes of 0.52 and 1.54 μm were mixed at mixing 
ratio of 80:1. Following this, the mixture was analysed by the DDA and the NNLS 
was performed on the analysed data afterwards to achieve the particle size 
distribution. For DLS system, the particle size distribution indicated only one peak at 
diameter of 0.62 μm.  
 




















In contrast to the developed device, two peaks were seen at diameters of 0.60 and 1.73 
μm. When compared to the twice gap size, the three-fold gap size differentiated the 
mixed population better, see Figure 5.8 and Figure 5.9. The particle size distributions 
of twice and three-fold gap sizes were shown in Fig 5.10. It is important to note that 
the four-fold gap size of 0.52 and 2.10 μm was also shown in Figure 5.10. 
   
Figure 5.10. Particle size distributions measured by the developed device of three polydisperse 
mixtures at mixing ratio of 80:1. The black colour shows the size distribution of 0.52 and 1.00 μm 
where two peaks intensities are detected at 0.60 and 1.10 μm. The pink colour represents the size 
distribution of 0.52 and 1.54 μm where two peaks intensities are detected at 0.60 and 1.73 μm. The 
green colour indicates the size distribution of 0.52 and 2.10 μm where two peaks intensities are 
detected at 0.60 and 2.36 μm 
 
Figure 5.10 depicted particle size distributions of three gap sizes. The results showed 
that twice gap size indicates an overlap of two mixed populations which were 0.52 and 
1.00 μm. When the gap size increased, the mixed population was better differentiated. 
In addition, the developed device was able to differentiate two mixed populations with 
a good approximation compared to the nominal values. In contrast, DLS can only 
determine single population distributions as this technique collects scattered light at 
a certain angle while the developed device detected the scattered light at the multiple 
angles in a single measurement.  
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DLS is an established method for measuring size distribution of colloidal particles 
[185]. Inversion methods such as CONTIN [160] and NNLS [174] has been successfully 
analyse the DLS measurement to obtain the particle size distribution. In fact, DDM 
can perform light scattering experiment similar to DLS from Fourier analysis of 
images. As a result, DDM should be able to measure particle size distribution of 
colloidal particles. However, the particle size distribution that can differentiate two or 
more particles populations in a suspension is still not implemented in DDM 
measurement yet.  
 
In this chapter, NNLS was implemented to estimate particle size distribution from the 
data obtained by the DDM-based device that developed in this thesis. This method 
has benefited for obtaining non-negative distribution from the calculation constraint. 
In addition, it spends considerably less in computational time and provide a reliable 
result without complicated calibration [108]. For validation, the obtained distribution 
was compared with the result of NNLS algorithm that implemented in a reference 
DLS system (Zetasizer ZS90 Malvern Panalytical Ltd) [182].  
 
In the experiment, size analysis with Stokes-Einstein relation obtained only average 
particle size in a particle suspension, as expected. As a result, particle size of 
polydisperse microparticles calculated using this relation did not yield a reliable result. 
However, intermediate scattering function of monodisperse microparticles was 
modelled by single exponential decay. Thus, an intermediate scattering function of 
polydisperse microparticles is composed of multi exponential decays. From this reason, 
the intermediate scattering function of can be decomposed into the decays from using 
a numerical analysis.  
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In this work, NNLS was used to obtain particle size distribution of mono and 
polydisperse microparticles from the intermediate scattering function obtained using 
the developed device. In monodisperse particles, the develop device was able to obtain 
particle size distributions of 0.52, 1.00, 1.54, and 2.10 μm colloidal particles. In 
verification, the peak value of the distributions were compared with the nominal 
values. From the result, the absolute error of the measurement done by the developed 
device was approximately within 6% in comparison to the nominal values.  
 
When compared with the reference DLS system, the result distribution was in good 
agreement. However, the distributions obtained using the developed device shown the 
narrower distribution. As expected, this was the developed device measured multiple 
angles at a single measurement. Thus, the multi angles NNLS improved the resolution 
according to the prior studies [109], [177].  
 
For the particle sizes beyond limit of resolution (0.35 μm) of the developed device, the 
obtained particle size distributions were comparable to the nominal values. In 208, 
288, and 348 nm colloidal nanoparticles, the device was able to determine reliable 
results. The diameters at their peak intensities were selected for calculating absolute 
error of the measurement compared with the nominal values. It turned out that the 
absolute error was within 9% from the measurement done by the developed device. 
However, the 150 nm colloidal particles did not provide a reliable result. Unlike the 
result from the reference DLS system, unexpected peaks were presented when size of 
detecting particles becomes smaller. This was because, the DLS collects scattered light 
using high sensitivity light detector. 
 
In polydisperse particles, the developed device was successfully differentiated two 
particle populations in a colloidal solution. In sample preparation, the particle 
solutions were equalised by total number to 0.1´109 particles/mL from using the 
calculation provided by the technical data from the microparticle commercial source 
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(Polysciences Inc) [183]. The reason for this was to investigate size influence to 
obtained particle distribution. It turned out that larger particles were influenced more 
to the intensity in the distribution as the larger particles accommodated more in pixels 
representation in an image than smaller ones. In addition, the gap size between both 
populations was a major parameter that the developed device was able to differentiate. 
Furthermore, the differentiation is also governed by size uniformity of the particles 
used in the experiment. For single fold gap size, there was a crossover region between 
two population in the obtained particle size distribution. However, there was a 
negligible crossover region from more than twice gap size difference. When compared 
with the reference DLS system, the DLS was unable to differentiate two mixed 





Chapter 6  
Haemorheology and rheology of biological fluids 
Haemorheology is the study of rheological properties in blood [186]–[188]. This study 
includes the investigation of deformation and flow of its corpuscles or formed cellular 
elements i.e. RBCs (erythrocytes), WBCs (leukocytes), and platelets (thrombocytes) 
[186], [187]. In general, blood is considered as a two-phase liquid [189] of those elements 
suspended in a light pale yellow solution of water, salt, proteins and enzymes called 
plasma. However, the most remarkable influence to the mechanical properties of the 
blood are the RBCs.  
 
RBCs constitute about 40 to 45 % of the volume of the blood in healthy individual. 
This high volume percentage of RBCs (% known as the haematocrit) causes the 
rheological properties to be significantly dependent on deformation and aggregation of 
the RBCs. Despite the fact that RBCs dominate in the blood rheology, WBCs also 
have an influence on the blood rheology in disease because they maintain adhesion to 
the endothelium in fighting infections [190]. However, their effect to the blood rheology 
is negligible due to it has small population in healthy individuals.  
 
Individual RBCs collides and adhere other RBCs can form an aggregate. The 
probability of the contact between RBCs increases due to Brownian motion [191]–
[193]. However, aggregation of RBCs is not sufficiently understood. At least two types 
of aggregation formations are reported which are bridging and depletion models [191], 
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[194]. In bridging model, chemical bonds to the surface of RBCs occurs between the 
collision. As opposed to depletion model, the RBCs could be aggregated by depletion 
force.  
 
In very low or no flow setting, adhesive interaction between RBCs leads to a formation 
of RBCs aggregate (Rouleaux) [195]. The primary aggregate formation consists of 
aggregation between two RBCs called RBCs doublet which allows for large rouleaux 
formation [196]. In the RBCs doublet formation, two non-interacting RBCs are very 
close with inter-central distance in ranges between 7.0 to 9.0 µm for normal RBCs 
[197]. Then, these RBCs slowly overlap each other with a mean time of 100 s [198] to 
resemble a stack of coins. As the aggregation proceeds, size of the RBCs aggregate 
increases in which sedimentation of the RBCs dominates the Brownian diffusion [119]. 
Therefore, the viscosity measurement obtained using passive rheology approach (by 
the developed device) is invalid and unreliable as the measurement relies on the 
Brownian diffusion of individual RBCs. To minimise this influence, the blood sample 
was gently shake and measured immediately. In addition, light scattering signal of the 
RBCs movement were collected only 10 s for obtaining blood viscosity. 
 
Whole blood behaves as a non-Newtonian fluid, that is, viscosity of the blood is 
considerably depended on shear rate [101], [186], [198]. This behaviour occurs due to 
the ability of RBCs to aggregate, stack, and form 3D structures (known as a rouleaux) 
[101]. When the blood is at rest, its viscosity increases exponentially due to the RBCs 
undergo rouleaux formation. In contrast, this formation can be broken apart by an 
action of blood flow particularly at high shear rate. As a result, viscosity is decreased 
which then continues to reach steady state as no more RBCs are aggregated. This 
prominent reversible behaviour is called shear-thinning (or pseudoplastic) system [2], 




An increase in haemorheology interests arises from clinical studies of cardiovascular 
diseases, where it may be a primary cause in blood flow pathologies [190]. In reality, 
alteration of haemorheological parameters is also related to various other diseases such 
as diabetes mellitus [200], sickle cell anaemia [7], and stroke [2], [201], [202]. Thus, 
rheological properties of the blood are important to maintain biological function in 
microcirculation. As a result, measurement of blood rheology could provide useful 
clinical information and to advance investigation for developing new accurate and 
rapid evaluation methodologies related to these diseases. 
 
A vast majority of heamorheological studies measure and characterise viscosity as a 
function of shear rate  , usually obtained using a mechanical rheometer. By imposing 
a shear force, the result response is measured according to the applied shear. However, 
the main drawback of this instrument is it requires large sample volumes (>1 mL) to 
operate. In addition, the instrument is bulky and time-consuming to process in general 
because it is necessary to calibrate prior to measurement [205]. Furthermore, 
complications of blood interaction with the sample container may lead to 
misinterpretation of the obtained responses. For example, cleaning is a vital process 
for the indisposable container in order to clear out previous blood clots [205]. Apart 
from that, thin film occurrence at blood interfaces exposed to the air leads to the 
inaccurate of the measurement at low shear rate [206]. Evaluation of haemorheology 
at the microscale remains a field where study is needed [202], [204].  
 
In this chapter, rheological assessment of biological fluids such as human whole blood, 
blood plasma, and human whole saliva were measured by the developed device. In 
addition, alteration of blood viscosity underwent storage was examined. Moreover, 
preliminary investigation of viscosity between healthy individuals and stroke patients 
were observed by the developed device.  
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The developed device was based on DDM which investigates dynamical properties of 
a fluid. The DDM device analyses a sequence of images by Fourier analysis allow for 
performing light scattering experiment i.e. DLS. It is important to note that a few 
modifications were applied to the typical DDM. The first step is miniaturisation of 
the device. This system was built up from 3D printer equipped with an objective lens 
and a webcam for data acquisition.  
 
In addition, performing data acquisition by a webcam has limitation in real-time image 
transfer. Loss of images may occurred if that image cannot be transmitted to a 
computer in time. However, time associated with the image is assumed in typical 
DDA, which exploits a fixed lag time associated with each acquired image. For this 
reason, a time stamp was introduced in this work to tackle this issue in the typical 
DDA.  
 
Secondly, an infrared light emitting diode of 860 nm was used for specimen 
illumination in our developed device. At this wavelength, there is a remarkably less of 
light absorbance by human whole blood which is almost 2 to 3 fold less compared to 
visible light.  
 
The last modification is an in-house microchamber to accommodate a tiny volume of 
sample fluid. This sample container is simply made of a glass slide with double-sided 
tape and coverslip. Then, the sample was sealed and enclosed by nail vanish around 
edges to prevent evaporation. This microchamber occupies approximately 6.0 μL. As 
opposed to macro-scale bulk rheometry, the microchamber consumes less sample and 
is inexpensive and disposable.  
 
In viscoelastic assessment, the DDA calculates mean square displacement from 
movement of tracer particles in a measuring fluid. Then, the GSER converts this mean 
square displacement to viscoelastic moduli of the fluid. Nevertheless, numerical 
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artefacts are present at high frequency response obtained by the GSER conversion. 
Accordingly, a direct numerical conversion [70] was implemented and performed to 
obtain the viscoelastic moduli throughout this work. Then, these moduli can be 
converted to complex viscosity 𝜂(𝜔) of the fluid which is «𝐺J(I)" +	𝐺′′(𝜔)" 𝜔t .  
 
A vast majority of rheological studies of biological fluids evaluate the steady-shear 
viscosity 𝜂(?̇?) of the fluid. From this reason, Cox-Merz rule was applied to the 
complex viscosity to estimate steady-shear viscosity. It was noted that viscosity 
conversion using the Cox-Merz rule shows high deviation at low shear rate [202]. 
 
6.1. Blood components  
Blood is a complex fluid contain living cells suspended in a water-based solution as 
known as plasma [101], [207]. In blood composition, plasma represents roughly 55% of 
the blood volume whereas the remaining part are the cells [207]. Blood plasma is made 
of 92% water while the remaining parts are mainly proteins which are fibrinogen, 
globulins, albumin, beta lipoprotein and lipalbumin [208]. The majority of suspended 
proteins are albumin, globulins, and fibrinogen which are approximately 50%, 45% 
and 5% of the total proteins respectively [208].  
 
In fact, plasma behaves as a Newtonian fluid [2], [209], [210] whose viscosity is directly 
correlated with concentration of proteins and lipids [206]. However, recent studies 
[211], [212] found that the plasma behaves like a slightly non-Newtonian fluid in pure 
extensional flow, as macro-mechanical rheometers cannot stretch proteins in plasma 
effectively [211], [212]. As a result, elasticity of the plasma is not present in the 
viscoelasticity from these measurements.  
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In the matter of cells composition, RBCs constitute approximately 95% of the total 
cells volume [101]. In general, a RBC is a biconcave discoid shape with approximately 
8 μm in diameter and 2 μm of thickness [213], [214]. The total volume of a RBC is 
roughly 85 μm3 [214]. RBCs consist of very flexible membrane surround within a 
solution of haemoglobin [2], [209]. The flexibility of the membrane makes the RBCs 
easy to bend and deform with the flow direction. In contrast to RBCs, WBCs represent 
quite fewer roughly 1 to 500 RBCs [1], [215]. Thus, WBCs are only slightly influential 
to the rheological responses of the blood in healthy individuals.  
 
Platelets are a blood component whose individual sizes are approximately 2-3 μm 
[214], [216]. They constitute approximately 4% of the total blood cells [214]. The key 
function of platelets is to maintain haemostasis by binding to together to form a 
thrombus (clot) to stop bleeding [101], [217].  
 
6.2. Rheological characteristics of the blood 
Rheological investigation of blood has been studied for many decades [218]. The 
majority of the study has been found the blood exhibits a non-Newtonian 
characteristic, specifically shear thinning, in healthy individual [101], [186], [198]. At 
low shear rate, the RBCs aggregate, stack, and form a rouleaux structures. This 
behaviour leads to a remarkably rise to the blood viscosity. In contrast to high shear 
rate flow, these rouleaux break apart. Thus, the relative viscosity is almost constant 




Figure 6.1 Relation between relative viscosity (normalised by plasma viscosity) and shear rate of 
human whole blood (45% haematocrit and normalised with plasma viscosity of 1.20 mPa.s) The circle 
represents whole blood viscosity while the solid circle is the result viscosity when adding albumin to 
reduce RBCs aggregation [219]. The solid circle dashed line responsible for viscosity of hardened 
RBCs in whole blood (Image is taken from [31]). 
 
In addition, elasticity of the RBCs also plays a vital role to the blood viscosity and 
its ability to flow as shown in Figure 6.1. Whole blood viscosity is also influenced by 
plasma viscosity, haematocrit, and platelet aggregation [220]. These important 
determinants to blood viscosity can be summarised in an illustration in Figure 6.2. 
 
 
Figure 6.2. Important determinants of whole blood viscosity (image taken from [220]). 
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For rheological study of the blood, anticoagulant is added to the blood sample in 
general. This additional chemical helps to prevent blood becomes clotted, as a 
consequence, it allows for longer time to measure. In practice, common anticoagulants 
used in the blood measurement are heparin and ethylenediaminetetraacetate (EDTA) 
[221], as they  have a negligible effect on the blood viscosity in a wide range of shear 
rate (0.0009 – 1000 s−1) [2], [206], [222].  However, whole blood with heparin influences 
haemorheological parameters to greater extent than EDTA [206], [223].  
 
Abundant over-use of such anticoagulant can cause erroneous of the measurement 
[204], [224]. As a result, International Society for Clinical Haemorheology recommends 
EDTA as an anticoagulant for haemorheological studies which maximum 
concentration of 1.8 mg/mL [206]. Such that, the anticoagulant does not influence to 
the measurement. 
 
6.3. Conventional techniques for measuring blood 
viscosity 
Numerous of the study emphasis in steady shear flow experiment to achieve steady-
shear viscosity [225]. However, blood is a Non-Newtonian fluid. Thus oscillatory shear 
experiment is best suited for the blood study since it is in-between solid and liquid 
[202]. In this section, conventional techniques used for rheological assessment of the 
blood are introduced and discussed. 
 
6.3.1. Small-amplitude oscillatory shear flow (SAOS) 
rheometry 
SAOS rheometry is a gold standard approach to measure viscoelastic properties of a 
fluid. This technique applies a small oscillatory shear amplitude to limit small strain 
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of a fluid for linear viscoelastic investigation [226]. For a measurement, a volume of 
sample fluid is dispensed in a fixed position container. A sinusoidal stress exposes the 
sample by moving a rotating rod or a plate which is submerged in the sample [101]. 
From having co-concentric between the fixed container and the rotating part, a 
corresponding resistance to the deformation is measured and interpreted as rheological 
properties as known as material functions [227]. 
 
In principle, a basic assumption of mechanical rheometer is that sample is homogenous 
[2], [228]. Indeed, blood is genuinely regarded as a two-phase liquid in which cells are 
diluted in plasma [73], [218]. Therefore, the cells migration around boundaries, which 
lead to non-homogeneous distribution, must be taken in consideration. In addition, 
blood cells sedimentation is directly influence to heterogeneity of the blood sample. 
Although individual RBC sedimentation rate is relatively slow at 0.13 μm/min [229], 
aggregation of RBCs sharply accelerates sedimentation rate [230], [231]. As a 
consequence, cells are relatively highly concentrated at the bottom of the sample 
container. Following this, the rheometer reads lower viscosity than the actual value if 
the torque is sensed by the upper rotating element [221]. Altogether, homogeneity of 
the blood must be ensured prior the measurement which would increases complexity 
in experiment to achieve reliable result. 
 
Apart from cells migration, blood surface that is exposed to air creates thin film layers 
[221], [232]. These protein layers cause the nonuniformity of the blood sample. This 
protein layers pay a considerably contribution and cause artefacts to the rheological 
responses. As a result, this would lead to misinterpretation of the obtained responses. 
To tackle this problem, a guard ring [2], [206] or a small amount of surfactant [202], 
[233] are essential additions to prevent thin film occurrence at the interfaces. Thus, 
complexity of such configurations requires a skilled technician in order to achieve 
accurate and reliable result. 
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A. Length scale and volume of SAOS 
A large amount of fluid sample (> 1 mL) is required to evaluate viscoelastic responses. 
Thus, the rheometer provides an average measurement of the bulk responses and do 
not allow for local measurement [234]. To enable the rheometer to measure a small 
volume, the concentric surfaces must be aligned perfectly which is difficult to achieve 
[235]. This is a main drawback of this system because biological sample is not easy to 
obtain or synthesize a large quantity. Furthermore, the length scale of mechanical 
rheometer is large compared to the largest scale of RBCs (micrometer) [236]. That is, 
the precision of moving a rotating part is in the order of millimeters [236]. As a result, 
large length scale of measurement can be obtained by the rheometer [225], [234], [236]. 
This question arises when validating microscale measurement (microrheology) with 
macroscale measurement (mechanical rheometer). 
 
B. Safety issues of SAOS 
In a measurement, a sample is filled in the sample container, and the rotating element 
is submerged in the sample to expose a sinusoidal shear. As a result, both of container 
and rotating element surfaces are directly contact with the sample. Cleaning procedure 
must be applied throughout these surfaces to ensure that the sample is not cross-
contaminated particularly biological fluids in disease settings [237].  
 
6.3.2. Capillary-based viscometer 
Capillary-based viscometers are frequently used to measure viscosity of the blood [2]. 
This approach relies upon a pressure difference between the capillary tube ends to 
initiate fluid flow. This pressure drop is related to viscosity of the fluid by the Hagen-
Poiseuille law [238]. However, this approach cannot evaluates viscoelastic moduli. 
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A. 3D-printed capillary circuit 
A low-cost hand-powered operation device was developed for measurements of 
haemorheological properties [239]. This device relies on a parallel capillary network 
which allows a comparison of reference and sample fluid with naked-eye readout. The 
device operated by pulling and pushing the plunger of a syringe, then, a vacuum and 
a pressure were generated to both of the reference and blood capillaries. Then, the 
plunger was depressed to release the pressure until the fluids reach a low level. 
Following this, volumetric flow rates 𝑄 of both capillaries were determined from the 
pressure drops of reference and blood according to Hagen-Poiseuille law [238]. 
However, shear rate (?̇?) can be calculated via ?̇? = 4𝑄 𝜋𝑟R⁄  , where 𝑟 represents the 
capillary radius. To evaluate a reliable result, approximately 150 μL of blood volume 
was required to evaluate its steady-shear viscosity.  
 
B. Microfluidic based viscometer 
A microfluidic device was developed and demonstrated as a blood viscometer [240]. 
The device consisted of 10 sets of microchannel arrays with different width ranges 
from 25 to 100 μm. From having 10 sample sets, the device achieved 10 shear rates in 
single a measurement. Each array consisted of 100 identical microchannels which had 
500 μm length in parallel with the flow. To perform viscosity estimation, the 
microfluidic was placed in the sample holder of microscope. Following this, a blood 
sample and a reference fluid were simultaneously fed in the inlet of the device via a 
syringe pump. Sample-filled microchannels in each array were counted by a camera of 
a microscope. Accordingly, hydraulic resistances with the reference were obtained, and 
these resistances were related to the viscosity of the blood sample upon shear rates as 
described in [240], [241].  
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The accuracy of blood viscosity estimation was verified by a rheometer and it showed 
a relative error of 5.3%. However, this approach has some drawbacks from having 
complicated design and fabrication. In addition, external devices such as a syringe 
pump and tubing is necessary for operating the device. Moreover, diameter selection 
of microfluidic device and tubing must be in consideration to avoid the Fåhræus–
Lindqvist effect [242]. 
 
6.3.3. Electro-magnetic spinning method 
A study explored rheological behaviour of a blood sample by using an electro-magnetic 
spinning method (EMS) [243]–[245]. This method relied upon rotational speeds from 
both of a pair of magnets and a 2 mm ball submerged in a sample fluid. In general, 
the EMS spined the permanent magnets via a controllable-speed motor. Whereas, the 
aluminium ball was indirectly rotated by a Lorentz force introduced by the spinning 
magnets. However, rotational speed of the ball required an image analysis system to 
obtain. Viscosity of the blood was calculated by difference of rotational speeds of these 
two spinning elements as presented in [245].  
 
In EMS demonstration, viscosity of bovine blood [245] and human whole blood [244] 
were examined by the system. It was necessary to calibrate the measurement system 
with silicone oil prior to the experiments. This system required a minimum volume of 
300 μL to fill in a test tube where a 2 mm ball was in. The rotational speed of the ball 
and the spinning magnets were measured to calculate the blood viscosity. In human 
whole blood experiment, measurement viscosities of 100 healthy individuals were 
performed. The study shows blood viscosity exhibited a stronger correlation with total 
count of RBCs and platelets. However, this system did not provide performance 
information with gold standard method. 
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6.3.4. Particle tracking micro-rheology 
Particle tracking micro-rheology is a well-established approach for measuring material 
properties of complex fluids [23] and biological samples [246]. A study [201] 
demonstrated a potential application to measure viscosity of a human whole blood. 
Monodisperse tracer particles were employed to a blood with hematocrit of 44%. 
Following this, the sample was dispersed in a quartz cuvette. These particles (diameter 
of 2.8 μm) were tracked and recorded their motion using a high speed camera at 90 
fps for 45 s. Then, the trajectories were converted to viscoelastic properties via the 
GSER [34]. The blood steady-shear viscosity was estimated by applied the Cox-Merz 
rule [247] to the obtained viscoelastic properties. Although the viscoelastic moduli 
were evaluated at 27°C, rescaling of the measurement to obtain the corresponding 
result at 37°C was done using temperature shift factor [248]. The main benefit to this 
approach that no external force was applied to the system. As a result, the whole 
system was easy to implement. However, probe selection was a vital. The probe must 
not interact with the sample (i.e. no aggregation with sample) [249], [250], easy to 
differentiate from the other elements in the blood (by size or fluorescent-labelled) 
[250], and uniform in size and shape [250]. Besides, computational time of particle 
tracking depended on complexity of algorithm which was a time consuming process in 
general. Thus, the high speed computation system was essential to monitor the 
location of the probe in time by this approach. 
 
6.4. Developed and implemented approach 
In our developed and implemented approach, a DDM based device was employed for 
evaluating steady-shear viscosity of human whole blood. A visible light, which shined 
through a sample in a typical DDM configuration, was mostly absorbed by the whole 
blood sample. As a result, the typical DDM was negligibly collected the light signal 
from the blood sample. As opposed to the typical DDM, a near infrared light 
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wavelength of 860 nm was used as a light source in our developed device. In 
comparison with the visible light, the infrared light absorbance by blood is remarkably 
lower, see Fig 6.3. 
 
 
Figure 6.3. Wavelength absorbance of 450 human blood samples (Modified from the image in [251]). 
 
In analogues, both of DDM and DLS have been employed for light scattering 
experiment [252]. Unlike DLS, DDM is an optical heterodyne detection which records 
interference pattern from both of transmitted light and weak scattered light of the 
sample by a detector [37]. As a consequence, the DDM is applicable for turbid media 
[37], [253] which may measures the whole blood sample. 
 
To operate the device, the sample is inserted into an in-house microchamber made 
from double-sided tape as depicted in Figure 6.4. Next, a cover slip is put on top of 
the sample and using nail vanish to seal it.  Following this, the microchamber is placed 






Figure 6.4. An in-house microchamber. (a) a 3D model and (b) realisation with a blood sample. 
 
This in-house microchamber is easy-to-reproduce and disposable for a rheological 
measurement. As a result, cleaning procedure is negligible because the sample is not 
directly in a contact with the device. In other techniques, a disinfection is usually 
essential to prevent cross-contamination after each measurement. In addition, this 
procedure ensures the surfaces which is in direct contact with sample were clean. 
Otherwise, remaining clots around surfaces and corner could influence mechanical 
responses and lead to misinterpretation of the obtained responses [205]. Thus, this 
procedure further increases complexity and time to operate the rheometer. 
Furthermore, unenclosed sample container of the rheometer allowed for direct contact 
between sample and air. As a result, mechanical responses obtained using the 
rheometer were interfered by film occurrence at blood-air interfaces [206]. 
Furthermore, at least 1 mL of sample volume is required to obtain reliable result using 
the rheometer. This bring challenge in measuring expensive and difficult to obtain or 
synthesis materials. Moreover, mechanical movement to rotate and sense the responses 
consumes much time to cover a wide range of frequencies. As a result, RBCs 
sedimentation affects the mechanical responses due to inhomogeneous of the blood 
sample particularly at low shear flow. 
 
In our developed device, the sample was accommodated in an enclosed in-house 
microchamber, where the sample has no contact with air. Moreover, sample volume 
approximately 6.0 μL was needed for our developed device (i.e. a finger-prick drop). 
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Furthermore, only ten seconds of data acquisition covered the frequency response from  
0.1 to 30.0 rad/s. Thus, sedimentation of the RBCs was negligibly influenced to the 
low-shear-rate responses obtained by our developed device.  
 
Finally, our system provided a simple configuration, as there was no external 
equipment required i.e. bulky microscope, syringes, and syringe pump to operate. The 
rheological properties of the blood sample could be collected without having a reference 
fluid  (contrast to capillary devices, where Fåhræus–Lindqvist effects were not relevant 
to our developed system because there was no tubing and pump in the configuration 
of our device). 
 
6.4.1. Viscoelastic measurement 
In viscoelastic measurement, the direct conversion is performed on acquired data for 
obtaining viscoelastic moduli (detailed in Chapter 2). For human whole saliva and 
blood plasma, polystyrene microparticles are employed as a tracer particle. In contrast 
to whole blood, the RBCs can be used as a tracer, and there is no requirement for 
additional tracer particles to evaluate viscoelastic moduli of the blood. 
 
6.4.2. A note to Cox-Merz rule in blood measurement 
In a majority of studies, human whole blood viscosity is usually performed in steady-
shear experiment [202]–[204]. This lack of oscillatory shear investigation of the blood 
is a constrain of this study. However, a complex viscosity 𝜂∗(𝜔) obtained by the 
developed device can be converted to steady-shear viscosity 𝜂(?̇?)	using the Cox-Merz 
rule according to Chapter 2. In addition, a study found the conversion aimed at good 
approximation from the experiment using a SAOS rheometer [202]. From this reason, 
the Cox-Merx rule was applied to the complex viscosity obtained using the developed 
device to aim steady-shear viscosity for verification with previous studies. 
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6.4.3. Temperature variation influence on blood viscosity 
The  majority of blood rheological studies are conducted at the temperature 
approximately 37°C [202], as the rheological changes of blood happen at body 
temperature. However, rheological investigations at lower temperatures are also 
important in various medical procedures such as Raynaud’s syndrome and cardio-
pulmonary bypass surgery [204], [210]. 
 
In general, like other fluids, blood viscosity is considerably dependent upon the 
temperature. However, variation of measuring temperature of blood can be rescaled 
for 𝑇	𝜖	[10,40]	℃ and ?̇?	𝜖	[1,100]	𝑠+@ based on Arrhenius relationship [2], [210]: 
 








where R is the gas constant, T is the temperature, T0 is the reference temperature, h 
is the blood viscosity, 𝐸: is activation energy (cal/mol), and 
mB
n
 for blood is 2.01 ± 0.03 
´103 °K. 
 
6.5. Material and Method 
6.5.1. Whole blood sample 
In this work, whole blood samples were obtained from two sources. For healthy 
individuals, experiments were based on a commercially available source (Cambridge 
Biosciences Inc.). Blood samples were also taken from individuals as follow-up stroke 
patients from the Queen Elizabeth University hospital, Glasgow, United Kingdom.  
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A. Blood sample from a healthy individual 
Human whole blood (Cambridge Biosciences) was taken from a single donor and had 
haematocrit of 36.2%. A volume of whole blood was dispersed in an in-house 
microchamber which is made from plastic double-sided tape as shown in Figure 6.4. 
Thickness of the chamber was 260 μm with a roughly 5 mm circular hole which 
accommodates approximately 6.0 μL of sample. After dispensed the sample, a coverslip 
is placed on top and sealed with nail polish to prevent sample evaporation. Finally, 
the chamber was placed on the sample holder of our device for a measurement. 
 
B. Blood samples from stroke patients 
The patient whole blood samples were freshly drawn and contained in EDTA 
anticoagulant. These blood samples were measured using their steady-shear viscosities 
on the date of arrival. Our developed device was used to examine the blood viscosities 
and verified with a reference stain-controlled rheometer (MCR302, Anton Paar 
GmbH) in the identical environment at 20°C. However, an additional temperature 
control for sample container was also provided in the rheometer. Therefore, the 
temperature of sample was more reliable in the rheometer than in our developed 
device. In a measurement, a blood sample was gently shaken and drawn off 
approximately 6.0 μL for our device. At least 800 μL of blood was used for the 
rheometer measurement.  
 
6.5.2. Blood plasma  
A whole blood in EDTA was centrifuged at 1.5 g for 5 mins to separate cells from the 
blood. The supernatant, or plasma, was removed and recentrifuged for purification. 
After that, a volume of 1.5 μm polystyrene microparticles was diluted 1000 times by 
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the purified blood plasma. Following this, a 6.0 μL of the diluted solution was filled 
in an in-house microchamber for viscoelastic measurement. 
 
6.5.3. Human saliva 
One of natural function of saliva is to lubricate and protection of oral surfaces [254], 
[255]. However, rheological characterisation of saliva is not easy to perform in clinical 
setting. This is because, the conventional rheometer is large sized and mostly 
experimental techniques developed for research purposes [256]. The aim of this study 
is to characterise rheological behaviour of human saliva using our portable device. 
 
In sample preparation, a female saliva sample was obtained from a commercial 
available source (BioIVT). The donor was fasted for minimum of 4 hours, drug free, 
without smoking, and with no alcohol consumption before saliva collection. In sample 
preparation, the sample was centrifuged at 10,000 rpm for 15 minutes to remove 
particulates in the saliva. Then, the supernatant was drawn up and dispensed in an 
Eppendorf tube. Following this, 0.52 μm monodisperse probe particles were 100 fold 
diluted by the prepared saliva. Next, the sample with probe particles was filled in an 
in-house microchamber to acquire data for a viscosity measurement. 
 
6.6. Experimental results 
6.6.1. Whole blood 
A human whole blood was collected in EDTA tube with 36.2% Hct and stored in a 
fridge at 4°C for a blood ageing study. The measurement was performed at the arrival 
date of the blood in a controlled room temperature at 20°C. For measuring viscoelastic 
behaviour, the tube was gently shaken to avoid cell lysis and maintain homogeneity 
of the blood sample. Following this, 6.0 μL of the blood was pipetted and dispensed 
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into an in-house microchamber which left in the room temperature. Then, a cover slip 
was placed on top and seal with nail polish around its edges to prevent sample 
evaporation.  
 
In data acquisition, an image sequence of moving cells was recorded without using 
probe particles. Following this, differential dynamic analysis (see Chapter 2) was 
applied to the recorded data, and a mean square displacement of the cells was 
calculated. Then, viscoelastic moduli of the blood sample were calculated by 
performing the direct numerical conversion from the mean square displacement. The 
measurement was three-folded replicated to achieve mean and standard deviation of 




      
Figure 6.5. Viscoelasticity of human whole blood of 35.5% Hct in ETDA at 20°C. The measurement 
was done without sample dilution and probe particles employed. The acquisition time was 10 seconds 
which corresponds to frequency range from 0.1 to 30.0 rad/s. The mean storage and loss moduli were 
the black and pink triangles respectively. The black and pink colour bands were the error of storage 
and loss modulus from three-fold replication. It should be noted that log of negative value is 
undefined thus, it cannot be displayed in the plot. 
 


































Figure 6.5 shows that the viscoelastic moduli as a function of angular frequency of the 
human whole blood was revealed. For the analyzed frequency range, the loss moduli 
dominated the storage moduli. This dominant characteristic indicated the blood 
sample was more like liquid than solid along the testing angular frequencies of 0.1 to 
30.0 rad/s. At angular frequency above 10.0 rad/s, the storage modulus was negative 
while the loss modulus continued to rise and saturated from the angular frequency 
above 20.0 rad/s.  
  
In fact, viscosity of the blood is mainly determined by steady-shear experiments [73]. 
To compare with previous studies, the obtained viscoelastic moduli were converted to 
the corresponding steady-shear viscosity with the Cox-Merx rule applied. Accordingly, 
the estimated steady-shear of the blood sample is shown in Figure 6.6. 
 
  
Figure 6.6. An apparent viscosity of a human whole blood in EDTA with 35.5% Hct measured at 
20°C. The solid black rectangles represented the viscosity obtained from our developed device. The 
pink dots showed the rescaled temperature (from 20°C to 37°C) of the viscosity obtained from our 
developed device using Equation (6.1). The upward green triangles and purple rectangles illustrated 
the viscosity from reference studies [257] and [258] accordingly. 
 
Figure 6.6 shows that the viscosity tended to remain steady at shear rate below  0.3 
s-1 , and then it was considerably declined at shear rate from 1.0 s-1 to 30.0 s-1. In 
comparison with those obtained by rheometers [257] and [258], the viscosities of both 
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devices were in the same characteristic. Nevertheless, our developed device reached its 
limit of measurement at shear rate 30.0 s-1 due to the maximum frame rate of the 
employed webcam. From three-folded replication of the measurement, the result 
viscosity at low shear rate aimed more deviation than high shear rate (Displayed by 
colour bands). As expected, this characteristic of the deviation was due to the use of 
the Cox-Merz rule according to a study [202]. 
 
A. Ageing of the blood 
Several studies [239], [259]–[261] reported human whole blood viscosity is elevated 
during storage. The cause of the gradually increase is related to alteration of 
physiology and morphology of the red blood cells [261]. For example, shape of RBCs 
is progressively changed during storage. This behaviour related to the loss of their 
membrane in which they evolve from flexible biconcave shape to more rigid spheres 
[262]. Furthermore, enzymes released from broken down of stored WBCs damage 
RBCs surface as the RBCs become lysed [263]. From these natural processes, viscosity 
of the blood are remarkably influenced when the blood undergo storage as in literatures 
[239], [259]. However, these studies investigated blood viscosity at high shear rate [239] 
and short storage duration [259]. Thus, human whole blood up to 29 days of storage 
for both of high and low shear rates were measured using our developed device. 
 
In the measurement, a whole blood sample of 36.2% Hct was obtained from a 
commercially available source with EDTA anticoagulant. The measurement was 
conducted at room temperature (20 °C). The sample was gently shaken before drawn 
up approximately of 1 mL, dispensed in a sterilised Eppendorf tube, and kept in a 4 
°C fridge. For daily measurement, viscosity from measuring a 6.0 μL of blood volume 
was obtained by the developed device. To achieve a reliable result, this daily 
measurement was triplicated to obtain mean and standard deviation, see Figure 6.7. 
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Figure 6.7. Viscosity of human whole blood of 36.2% Hct underwent storage measured using the 
developed device. Black triangles were the viscosity at shear rate = 0.8 s-1 whereas the pink 
downward triangles indicated the viscosity at shear rate = 30.0 s-1. Black and pink curves indicated 
cubic fitting for the viscosity of shear rate 0.8 s-1 and 30.0 s-1, respectively. 
 
Figure 6.7 showed how the viscosity of 36.2% Hct human whole blood underwent 
storage. The shear-dependent viscosity at two shear rates were observed. To simplify, 
the viscosity investigation at shear rate of 0.8 s-1 and 30.0 s-1 were represented as the 
low and high shear rate. For the low shear rate, the viscosity was rapidly declined 
more than half on day 6. Afterwards, the viscosity was considerably risen and reached 
the maximum value on day 19. It is seen that the low shear viscosity was raised more 
than twice compared to viscosity at high shear rate. In analogous to the low shear 
rate, viscosity of high shear rate was in the same trend. However, the high shear 
viscosity was prone to achieve small variation. One assumption was the blood 
experienced external environment and forces while drawing blood out of the Eppendorf 
tube. As a result, degradation of the blood was occurred at faster rate. This further 
degraded the blood when it was drawn out from the single tube throughout the 
experiment. Therefore, investigation of blood viscosity during storage was repeated. 
Instead, blood sample was divided into five sterilised Eppendorf tubes to minimise 























































In the measurement, a new human whole blood of 35.5% Hct with EDTA 
anticoagulant was obtained for blood ageing investigation. The blood was pipetted 
and dispensed into five tubes which were labelled from 1 to 5 respectively. These tubes 
were kept in a fridge at 4°C and used by ascending order according to the label. In 
daily measurement, 6.0 μL of the blood was drawn up from the tube and dispensed in 
three in-house microchambers.  
 
Average of the blood viscosity was evaluated as described in previous experiment, 
after which, the tube was kept in the fridge again for storage. On the next day, the 
measurement was repeated and then for seven day consecutively. Thereafter, it was 
discarded. This procedure was repeated for the remaining tubes to record alteration 
of blood viscosity for 30 days. From the experiment, the result viscosity as a function 
of storage time is depicted in Figure 6.8. 
 
      
Figure 6.8. Viscosity of human whole blood of 35.5% Hct under storage measured using the developed 
device. Black triangles were the viscosity at shear rate of 0.8 s-1 whereas the pink downward triangles 
indicated the viscosity at shear rate = 30.0 s-1. Black and pink curves indicated cubic fitting for the 
viscosity of shear rate 0.8 s-1 and 30.0 s-1, respectively. 
 























































Results clearly show that viscosity of the blood altered during storage time, see Figure 
6.8. At shear rate of 0.8 s-1, the whole blood viscosity was rapidly reduced and reached 
the lowest point at approximately 7 mPa.s on 12 days of storage. Then, it was 
remarkably increased to almost 20 mPa.s on day 29. At shear rate of 30.0 s-1, the 
blood viscosity was slightly decreased day by day. Afterwards, the viscosity was 
considerably increased for more than twice after two weeks of storage.  
 
From Figure 6.1, it can be seen that alteration in morphology of the RBCs is also 
influenced the viscosity of the blood. At high shear rate, blood viscosity tended to rise 
when the RBCs lost their deformability. That was, viscosity of the blood was leveraged 
as RBCs become more rigid. In addition, the RBCs also lost their deformability 
compared to fresh RBCs during storage [264]. As expected, the high-shear viscosity 
was elevated particularly on day 29 as illustrated in Figure 6.8. In low shear viscosity, 
a study [265] found aggregability of RBCs was significantly decreased at the first week 
of storage. After which, the viscosity recovered for the following weeks. This 
characteristic was in analogous to the measurement results depicted in Fig 6.7 and 
6.8. However, the declined of viscosity was approximately two weeks from the first 
date of measurement which could be from the subdividing blood procedure as 
mentioned earlier.  
 
B. Performance evaluation of blood viscosity measurement 
Validation of our developed device is necessary to ensure that the measurement result 
is comparable to a gold standard method, or a Rheometer ( MCR 302, Anton Paar 
GmbH). In this step, steady-shear viscosities of unknown human blood donors were 
measured by both devices. In addition, the blood experiment of both devices were 
conducted simultaneously with the same sample, as the blood degraded by time, as 
described in previous Section.  
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In addition, temperature variation also influenced the blood viscosity. Both devices 
were in the identical environment where temperature was controlled at 20°C to 
minimise the temperature difference between the devices. However, the rheometer had 
more precisely temperature controlled since it had a dedicated system to control 
temperature of its sample container. 
 
In the rheometer, a calibration procedure was necessary for maintaining accuracy of a 
measurement. This crucial procedure was done prior to the blood measurement which 
took approximately 1.30 hour. To evaluate viscosity response, ~0.8 mL of blood sample 
was put into a sample container of the rheometer. After the measurement was 
performed, the container was cleaned and disinfected in order to measure the next 
sample.  
 
In contrast to rheometry, calibration process was unnecessary for our developed 
device. Only 6.0 μL of the blood was required to fill in an in-house microchamber for 
the measurement. A coverslip was placed on the sample and its edges were sealed 
using nail vanish to prevent sample evaporation. After that, the microchamber was 
placed on the sample holder of the device. In data acquisition, a sequence of images 
was recorded for 3 seconds which corresponded to shear rate of 0.3 s-1 to 30.0 s-1.  
 
The sequence was then analysed by DDA to evaluate a mean square displacement. 
Subsequently, numerical conversion of the mean square displacement was performed 
to obtain viscoelastic properties of the blood sample. Then, complex viscosity of the 
blood sample was converted to steady-shear viscosity using the Cox-Merz rule. 
Subsequently, the microchamber was removed from the device. Then, the 
microchamber was put in a sterile solution and discarded properly in a sharp bin. At 




Unscreened human whole blood samples, which were collected from fourteen donors, 
were used in this experiment. These blood samples were provided by the Queen 
Elizabeth University Hospital, Glasgow, UK. In rheometry, viscosities of these samples 
were monitored at shear rate between 10.0 s-1 to 1,000.0 s-1. The reason for that was 
there were quite lower determinants at high shear rate as illustrated in Figure 6.2. In 
addition, the measuring viscosity spectrum of the device was more reliable for viscosity 
below 5 mPa.s with absolute error approximately of 7% (see, Chapter 4).  
 
However, the developed device could observed at maximum shear rate of 30.0 s-1. This 
was limited by frame rate of the employed webcam. As a result, the cross over regime 
of shear rate was in comparison by both devices. For validation, the measured viscosity 
by our developed device was analysed through a regression analysis with those 
measured using the rheometer. This statistical analysis indicated the strength of 
relationship between our device and the rheometer. In the analysis, the result obtained 
by both devices were plotted against each other. Then, a linear regression was 
introduced to the plot for aiming a coefficient of determination (R-Squared). The 










Figure 6.9. Regression plot of viscosities between the developed device and rheometer. The viscosities 
were obtained from measurement of fourteen blood samples at shear rate (a) 10.0 s-1, (b) 15.8 s-1, and 














































y = 0.7813x + 0.0020




















y = 0.9253x - 0.0001
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The R-Squared is a statistical assessment indicates degree of relationship between x 
and y value [266]. When the R-Squared is 1, all of the variation in y value is accounted 
for by x value and none for 0. Figure 6.90 (a), the R-Squared revealed 37.76% of the 
variation of viscosities measured by the developed device was due to the variation of 
viscosities obtained from the rheometer. At this shear rate, the R-Squared showed the 
least among the crossover shear rates as illustration in Figure 6.90. Above all, all of 
statistical measures are listed in Table 6.1. 
 
Table 6.1. Statistical measures of the correlation plots illustrated in Fig 6.90. 
 
Shear rate  
(s-1) 
Goodness of Fit 
Regression model R-Squared 
10.0 y = 0.7282x + 0.0033 0.3787 
15.8 y = 0.7813x + 0.0020 0.4269 
25.1 y = 0.9253x + 0.0001 0.5089 
 
All R-Squared listed in Table 6.1 indicated moderate relationship between developed 
device and rheometer. At shear rate of 25.1 s-1, the R-Squared represented the highest 
value which is 0.5089. That is, 50.89% of variation of the viscosities measured by the 
developed device was accounted for by the measurement of the rheometer. 
Nevertheless, increasing of the sample size  could achieve more reliable result. 
 
C. Stroke 
Stroke is a serious life-threatening neurological symptom which occurs when poor 
blood supply to part of the brain is obstructed [267]. Among stroke diseases, ischaemic 
stroke contributes 87% of admitted patients and it is a major case of stroke related to 
blood clot [268]. Elevation of fibrinogen levels, whole blood viscosity, and plasma 
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viscosity are major determinants related to various stroke events [269], [270]. High 
blood viscosity causes blood barely to flow and leads to a development of ischemic 
stroke.  
 
In general, increasing of whole blood viscosity is mostly observed by a rheometer in 
the clinical study of stoke [269]–[272]. For instance, blood hyperviscosity of age-
balanced 430 subjects were investigated by a rotational viscometer (Conteraves LS2) 
at 25°C [270]. These subjects were sub-divided into four groups which were 135 with 
acute stroke, 89 with ischaemic transient stroke, 115 recognised risk factors for stroke, 
and 91 healthy controls. According to the study, the viscosities of acute stroke, 
ischaemic stroke, and recognised risk factor for stroke were elevated compared to 
healthy subjects. In addition, the study reported plasma viscosities also increased in 
those subjects compared to healthy individuals. Besides, whole blood viscosity in 
stroke patient was also correlated to rigidity of RBCs. A study [273] showed the 
relationship of deformability of RBCs was remarkable decreased in stroke patient 
particularly in elderly. By indicating filterability of the whole blood, 53 patients and 
23 healthy control subjects. Whole blood was filtered through a 5-μm polycarbonate 
filter, then, weight and assess filterability index according to the calculation in the 
study. 
 
In this study, whole blood viscosities between healthy individuals and stroke patients 
were examined by our developed device. Blood samples of thirteen follow-up stroke 
patients and four healthy donors were provided by the Queen Elizabeth University 
Hospital, Glasgow. The aim of this study was to investigate alteration of viscosities 
between these two groups. Form the measurement, the mean and standard deviation 





Table 6.2. Statistical descriptor of viscosity in healthy subjects and stroke patients. The measurement 
is conducted at shear rate of 25.1 s-1 and 20°C room temperature. 
 
Study group Mean±SD  





Stroke patients 9.90±1.87 13 
 
Evaluating a difference between means of two populations was done by parametric t-
test because the sample size was small [274]. However, this statistical interference 
required a Gaussian distribution examination of the population. To examine the 
distribution, the obtained viscosities of both study groups were performed normality 
testing by using Shapiro-Wilk [275]. The normality verification was done by a 
statistics software (Prism 8) which produced a Q-Q plot for normality illustration of 
the test data. In this experiment, the viscosities of both groups were analysed at shear 
rate of 25.1 s-1. This was because, the maximum value of R-squared between our 
developed device and the rheometer was yielded at that shear rate. As a result, the 
Q-Q plot of stroke patients and healthy subjects is shown in Figure 6.10. 
 
    
Figure 6.10. Q-Q plot of viscosities at 25.1 s-1 shear rate in healthy control and stroke patients 
populations. The pink upward triangles and black downward triangles represented the patients and 
healthy control. The red dashed line was responsible for the line slope of 1. 


















Figure 6.10 shows that both populations were passed the normality test with 
significantly level of 95%. This concluded that the data from both groups were in 
Gaussian distributions. For this reason, statistical interference analysis between both 
groups was performed using parametric t-test. Accordingly, the t-test result, which 
was obtained by using statistical analysis software (Prism 8), is listed in Table 6.3. 
 
Table 6.3. t-test result between viscosities measured from healthy individual and stroke patients. The 
t-test was obtained by using a commercial software (Prism 8). 
 
P value 0.0070 
Significantly 
different  
(P < 0.05)? 
Yes 




Results show, Table 6.3, that there was a significant difference between viscosity of 
healthy individual and stroke patients with confidential level of 99%. This preliminary 
result was in agreement with prior studies as discussed above. 
 
6.6.2. Blood plasma 
In this section, blood plasma was extracted from centrifugation of whole blood samples 
at 1.5 g for 5 min. After the first blood centrifugation, the supernatant part was drawn 
out, then recentrifuged for purification. The supernatant part was pipetted and 
dispensed into a sterilised Eppendorf tube for storage. To evaluate viscoelastic moduli, 
polystyrene beads particles were employed to the pre-processed plasma as tracer 
particles. Then, the movement of these particles were recorded to obtain their mean 
square displacement using DDA analysis. After that, the direct conversion method 
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was applied to the mean square displacement to evaluate viscoelastic moduli of the 






Figure 6.11. Rheological properties of human blood plasma from using 1.54 μm probe particles 
measured at T = 20°C. (a) A result viscoelasticity properties of human blood plasma. Green and pink 
triangles indicated the loss and storage moduli respectively. (b) the corresponding steady-shear 
viscosity (Cox-Merz rule) represented by the black triangles. The black line was the mean viscosity 
which was 1.83 mPa.s. The colour bands in (a) and (b) represented standard deviation from 
triplicated the measurements. It should be noted that standard deviation smaller than symbol size 
cannot be shown. 
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The result, Figure 6.11(a), viscoelastic properties exhibited both of viscous and elastic 
modulus. However, loss modulus was dramatically higher than storage modulus 
roughly 100 times higher. Apart from loss modulus, the result showed the elasticity 
term in the measurement at low frequency responses roughly from 0.3 to 1.1 rad/s. 
As a result, the corresponding steady-shear viscosity was slightly depended on shear 
rate as shown in Figure 6.11(b). In contrast to DI water, it exhibits only the loss 
modulus as illustrated in Figure 6.12. 
 
  
Figure 6.12. Triplication measurement of human blood plasma and DI water viscoelastic behaviours 
from using 1.54 μm probe particles at T = 20°C. Blue and violet dashed lines were responsible for 
loss and storage moduli of human blood plasma measurements respectively. A purple upward 
triangles indicated the loss modulus of the DI water. However the storage modulus cannot be 
displayed in the figure because they were all negatives as the DI is a Newtonian fluid. The colour 
bands represented the standard deviation of the measurements. It should be noted that standard 
deviation smaller than symbol size cannot be shown. 
 
In general, blood plasma is considered as a Newtonian fluid. However, the obtained 
viscoelastic behaviour of the plasma revealed both of loss and storage moduli in this 
experiment. The existence of small storage modulus was an evidence that the plasma 
was a slightly non-Newtonian fluid which was reported in recent studies [211], [212].  
 









































In steady-shear viscosity, the result shown in Figure 6.11(b) was compared to a 
reference measurement of DI water as shown in Figure 6.12. 
 
      
Figure 6.13. Shear viscosity of DI water and blood plasma using Cox-Merz rules. The pink upward 
triangles were the viscosity of the blood plasma whereas the black upward tringles indicated the 
average shear viscosity of DI water, and blood plasma at 20°C were 1.02 and 1.83 mPa.s respectively. 
The colour bands indicated the standard deviation from triplicate the measurements. It should be 
noted that standard deviation smaller than symbol size cannot be shown. 
 
Figure 6.13 showed that the average viscosities of DI water and a blood plasma sample 
were 1.83 mPa.s and 1.02 mPa.s, respectively. In analogy to DI water, the viscosity 
of blood plasma was almost steady for the whole range of shear rate (0.2 s-1 to 30.0 s-
1). However, viscosity of blood plasma was decreased as an increment of shear rate 
from 0.2 s-1 to 1.0 s-1. This was due to the existence of storage modulus (𝐺′) according 
to results shown in Fig 6.12. The experiment was repeated with the other human 
whole blood sample for verification, see Figure 6.14 for results. 
 

















































Human blood plasma 
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Figure 6.14. Steady-shear viscosities of two human blood plasma in comparison with steady-shear 
viscosity of deionised water. The plasma samples was obtained by centrifugation of two whole blood 
samples. human blood plasma represented by upward pink and green triangles for sample A (same as 
in Figure 6.13) and B respectively while the viscosity of water was represented by black dots. 
 
6.6.3. Human whole saliva 
This section presents a rheological study of human whole saliva using our developed 
device. In sample preparation, ~10 mL of saliva was obtained from a commercial 
available source (Bio IVT) which was collected from individual healthy donor. Because 
of the sample was opaque, the sample was centrifuged at 10,000 rpm for 15 min to 
settle particulates. Then, supernatant part was pipetted out and immediately 
dispensed into a sterilised Eppendorf tube for storage. Following this, a monodisperse 
polystyrene microparticles of 0.52 μm were employed in the tube as a tracer particles.  
 
Finally, the tube was shaken by a vortex mixer to uniformly distribute the embedded 
microparticles prior to a measurement. To measure rheological moduli, an 
approximately of 6.0 μL human whole saliva was drawn up and dispensed into an in-
house microchamber. Then, a coverslip was placed on top of sample. Next, edges of 
the coverslip were sealed to enclose and prevent the sample from evaporation. A video 
of image was collected by our developed device for 10 seconds. This corresponded to 
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measurements at shear rate from 0.1 s-1 to 30.0 s-1. To minimise temperature 
fluctuation, this experiment was conducted in a controlled room temperature of 20°C. 
Subsequently, this recorded sequence was analysed using DDA analysis to retrieve 
mean square displacement of the tracer particles.  
 
  
Figure 6.15. Log-log plot of retrieved mean square displacement as a function of time of embedded 
0.52 μm Polystyrene microparticles in a human whole saliva sample. The black dots and the colour 
band represent mean of the mean square displacement and standard deviation of three-folded 
replication respectively. The inset (obtained from [276]) indicates mean square displacement 
behaviour as a function of time from three different materials - purely viscous (Newtonian fluid), 
purely elastic (solid materials), and viscoelastic material (non-Newtonian fluid). 
 
Figure 6.2 shows that the measured mean square displacement grew non-linearly with 
time in the log-log plot. As a result, the observed saliva sample was considered as a 
non-Newtonian fluid from the experiment. For viscoelastic measurement, the direct 
conversion method (detailed in Chapter 2) was performed on the retrieved mean 
square displacement to evaluate viscoelastic moduli of the saliva. To achieve a reliable 
result, the above experiment was three-fold replicated. Accordingly, the mean and 
standard deviation of the moduli were obtained and are depicted in Figure 6.17. 
 



























Figure 6.16. Viscoelastic moduli as a function of angular frequency omega of a human whole saliva 
sample. The measurement was conducted in a 20°C controlled room temperature by employing 0.52 
μm polystyrene microparticles to probe the moduli. The black upward triangles showed the storage 
modulus while the pink downward triangles indicate the loss modulus of the saliva sample. Colour 
bands represent standard deviation from triplication of measurement. 
 
From Figure 6.16, storage and loss moduli as a function of angular frequency of a 
human whole saliva were revealed by our developed device. Apparently, there was a 
constant grew of loss modulus from shear rate of 0.1 s-1 to 30.0 s-1. By contrast, the 
storage modulus tended to rise along with shear rate from 0.1 s-1 to approximately 0.3 
s-1. After that, the modulus was fluctuated between shear rate of 0.3 s-1 to 30.0 s-1. To 
obtain steady-shear viscosity, these moduli were converted to complex viscosity. 
Following this, the Cox-Merz rule was applied to the complex viscosity to evaluate 
corresponding steady-shear viscosity, see Figure 6.17. 
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Figure 6.17.  Steady-shear viscosity behaviours of human whole saliva obtained by our developed 
device at 20°C. The black upward triangles represented the mean viscosity. The colour band showed 
the standard deviation from three-fold replication of the measurement.  
 
From Figure 6.17, the result steady-shear viscosity of the human whole saliva was 
shown a non-Newtonian fluid. As expected from literature [277]–[279], the viscosity 
exhibited shear-thinning behaviour since the viscosity decreased respect to an 
increment of shear-rate. However, the obtained viscosity showed a variation from shear 
rate of 0.4 s-1 to 2.0 s-1. The result viscosity was also compared with deionised water, 
which represented a reference Newtonian fluid, see Figure 6.18. 
 
   
Figure 6.18. Comparison of the measured human whole saliva viscosity regarding to Figure 6.2 and 
deionised water probed using 0.52 μm polystyrene microparticles at 20 °C. 
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In fact, the saliva was composed of various components such as proteins and enzymes 
suspended in water. As a consequence, viscosity of saliva should be higher than 
viscosity of water.  
 
From Figure 6.18, the measured saliva viscosity was greater than the deionised water 
for all measuring shear rate as expected. Nevertheless, there was a viscosity variation 
from shear rate of 0.4 s-1 which might relates to remaining small particulates in the 
collected supernatant of the saliva. Regarding to this, motion of such particulates also 
contributed to the measurement signal. However, these particulates could be removed 
by a filtration of the sample. To explain this, the particulates were filtered out using 
a membrane filter with 0.2 μm mesh size. This procedure ensured the particulates that 
larger than the resolution limit (0.35 μm/pixel) of our device were removed. 
Accordingly, only motion of the immersed tracer particles were recorded and 
processed.  
 
In analogues to centrifuged saliva experiment, the 0.52 μm microparticles were 
employed in the filtered saliva as tracer particles. To visualize the result, the obtained 
steady-shear viscosity was plotted against the result shown in Figure 6.17 and depicted 
in Figure 6.19. 
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Figure 6.19. Viscosities as a function of shear rate of filtered and centrifuged human whole saliva. 
The measurement was done in a 20°C room temperature The black upward triangles indicated mean 
viscosity of a filtered saliva sample with mesh size of 0.2 μm. The pink downward triangles 
represented mean viscosity of a centrifuged saliva sample. Colour bands showed standard deviation of 
three-fold replication of the measurement. 
 
Figure 6.19 depicts the measurement result of the steady-shear viscosities of a human 
saliva from two preparation methods which were centrifugation and membrane 
filtration. From the plot, the obtained viscosities of both saliva preparations were 
considerably declined from shear rate of 0.1 s-1 to 0.8 s-1. However, the viscosity of 
filtered saliva was declined with a faster rate. Viscosities from both of saliva 
preparations fluctuated from shear rate from 0.8 s-1 to 1.0 s-1 and gradually dropped 
from shear rate of 1.0 s-1. To summarise, filtration of saliva was negligibly influenced 
to the obtained viscosity variations, as seen in the plot. Instead, the viscosity was 
remarkably lowered compared to those prepared by centrifugation procedure. This 
rheological response might be caused by broken down of large proteins chains from 
using the filter [280], [281]. As a result, the tracer particles were “more free” to move, 
as seen from the results shown in Figure 6.20. 
 




















































Figure 6.20. Mean square displacement of 0.52 μm tracer particles in a human whole saliva prepared 
using centrifugation at 10,000 rpm for 5 min and filtration by a membrane filter with mesh size of 
0.20 μm. The black upward and pink downward triangles were average mean square displacement of 
the centrifuged and filtered saliva respectively. The green dots were average mean square 
displacement of 0.52 μm tracer particles in DI water. The error bars were standard deviation of three-
folded replication of the measurement. The SD smaller than the symbol cannot be plotted by the 
software. 
 
A. A model fitting for mean square displacement in saliva sample 
In the direct conversion method, a mean square displacement of tracer particles was 
converted to viscoelastic moduli as mentioned in Chapter 2. Regarding to the reported 
works [70], [282], the direct conversion related to second-order differentiation of the 
mean square displacement : 
 
𝐺J(𝜔) + 𝑖𝐺JJ(𝜔) =
𝑖𝜔
𝑖𝜔𝐽C + 𝐽(̇0) + ℱ[𝐽"(𝜔)]
 (6.2) 
 
where 	𝐽" = 𝐽(̈𝑡) for 𝑡 > 0, and is 0 for 𝑡 ≤ 0,	𝐽̈(𝑡) is second-order derivative of creep 
compliance 𝐽(𝑡), and 	𝐽(𝑡) = 〈Δ𝑟"(𝑡)〉 ∙ /:
]5^
 [283],	𝑘! is the Boltzmann’s constant,	𝑇 is 
the absolute temperature (K), 	𝑎 is the diameter of probe particles, 	𝐽C represents the 
extrapolated creep compliance at 𝑡 = 0 , 	𝐽(̇0)  represents the gradient of creep 
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compliance at 𝑡 = 0 , 	ℱ  is the Fourier transform, 𝑖  is the imaginary number, 	𝑡 
indicates the measurement time, and	𝜔 is the angular frequency. 
 
The second order derivative 𝐽(̈𝑡) is sensitive to noise [284]. Thus, fluctuation in 
viscoelastic moduli were unavoidably by using this approach. From the fact that 
steady-shear viscosity was estimated by performing the Cox-Merz rule on these 
moduli, this variation also exhibited in the obtained viscosity. A simple approach to 
this problem was to fit mean square displacement prior to the conversion. This 
procedure smoothened small deviation of mean square displacement. For saliva 
sample, a developed model fitting equation was introduced: 
 
〈∆𝑟"(𝑡)〉 = 𝑎(1 − 𝑒&o) + 𝑐 (6.3) 
 
where 〈∆𝑟"(𝑡)〉 is the mean square displacement as a function of time 𝑡, whilst 𝑎,	𝑏, 
and 𝑐 are the fitting parameters. The mean square displacement of the centrifuged 
saliva sample was fitted using Equation (6.3) and results are depicted in Figure 6.21. 
  
Figure 6.21.  Mean square displacement of a centrifuged human saliva sample using probe particles of 
0.52 μm. The original mean square displacement is indicated by black dots and fitted by the model 
Equation (6.3) and displayed by a red line. 
 














From data depicted in Figure 6.21, a raw mean square displacement of 0.52 μm probes 
as a function of time was revealed. The model equation was fitted to the raw data 
with R-square of 1.00 and mean square error of 0.01. According to the plot, this fitted 
mean square displacement also smoothened the corresponding viscosity after the 
numerical conversion applied. The result conversion is shown in Figure 6.22. 
 
    
Figure 6.22. Viscosities of a centrifuged saliva sample obtained by conversions of a fitted mean square 
displacement using Equation (6.3) and raw mean square displacement. The black upward triangles 
are the viscosity obtained of raw mean square displacement. The pink downward triangles show the 
viscosity from fitted raw mean square displacement data. The colour bands indicate the error from 
triplicate the measurement. 
 
The measured viscosities, Figure 6.22, showed shear thinning behaviours in both of 
raw and fitted mean square displacements. At low shear rate, the viscosities were 
rapidly declined to at around shear rate of 0.4 s-1. Then, they reached a steady state 
from shear rate from 0.4 s-1. Similarity, both of viscosity conversion from raw and 
fitted mean square displacement were in agreement from shear rates of  0.1 s-1 to 0.4 
s-1. Nevertheless, the viscosity of fitted mean square displacement showed a slight 
fluctuation from shear rates of 0.4 s-1 to 30.0 s-1. The fitting function of mean square 
displacement produced less fluctuations of steady-shear viscosity after the conversion.  
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B. Experimental results with mean square displacement fitting 
Achieving less noisy steady-shear viscosity could be performed by fitting mean square 
displacement as it was discussed in previous section. Thus, this section investigated 
steady-shear viscosity based on fitted mean square displacement of centrifuged and 
filtered saliva. To evaluate their viscosities, the mean square displacements from above 
Section were fitted to the fitting model using Equation (6.3). Then, their viscoelastic 
moduli were estimated by exploiting the direct conversion to the fitted mean square 
displacements. These viscoelastic moduli were converted to steady-shear viscosity via 
the Cox-Merz rule. For centrifuged saliva, the obtained viscoelastic moduli and the 







Figure 6.23. Measured rheological properties of centrifuged human saliva sample obtained by 
performing the direct conversion method to the fitted mean square displacement. (a) the measured 
viscoelastic behaviours are represented by storage (black upward triangles) and loss moduli (pink 
downward triangles); (b) the corresponding steady-shear viscosity by employing Cox-Merz rule to (a). 
Colours bands indicate the standard deviation from triplicate the measurement at 20 °C. 
 
The above procedure was also performed with the centrifuged saliva. Then, both of 
steady-shear viscosities were calculated and depicted in Figure 6.24. 
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Figure 6.24. Viscosities of centrifuged saliva and filtered saliva after fitting their msd. The 
measurement is done by probing 0.52 μm polystyrene microparticles and at 20°C. Black upward 
triangles responsible for viscosity of centrifuged saliva. Pink downward triangles are the viscosity of 
filtered saliva. The colour bands show the standard deviation from triplicate the measurement. 
 
From Figure 6.24, the obtained steady-shear viscosity of the centrifuged saliva was 
significantly levelled off from shear rate of 0.1 s-1 to 0.4 s-1. The viscosity gradually 
declined from the shear rate of 0.2 s-1. By analogy to the centrifuged saliva, the 
viscosity of the filtered saliva was in similar pattern. As opposed to the centrifuged 
saliva, the viscosity was remarkably lowered almost by between 2-3 fold.  
 
6.7. Conclusions 
This chapter demonstrated rheological characterisation of human biological fluids, 
which were blood plasma, whole blood and whole saliva, using the developed device. 
In blood plasma, which is typically regarded as a Newtonian fluid [211], [212], 
rheological investigation showed small elastic modulus at shear rates from 0.2 to 2.0 
s-1. This weak non-Newtonian characteristic was also recently found by recent studies 
[211], [212]. 
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In human whole blood experiment, the developed device evaluated steady-shear 
viscosity of the blood in absence of probe particles and without blood dilution, as the 
RBCs were used as probe particles. In rheology measurement, the constitutive relation 
is derived for spherical particles. However, spheroid particle like RBCs can be 
estimated as a spherical particle for obtaining their MSD [285].  
 
In fact, RBCs can aggregate together. As the RBCs aggregation proceeds, the average 
diffusion coefficient D decreases as the size of the aggregation increases by time. In 
addition, sedimentation of the aggregates becomes faster whereas the Brownian 
motion decreases [285]. As a result, these processes overestimate the viscosity 
measurement by the device particularly for long time measurement. To minimise these 
contributions, only 10.0 s of movement were analysed by the device. 
 
The measured viscosity indicated a shear thinning behaviour in which the viscosity 
was remarkably decreased with increased of shear rate. This behaviour was in the 
same trend as the reference gold standard measurements although small sample 
volume of 6.0 μL was examined.  
 
In performance evaluation, the developed device was compared to a rheometer 
(MCR302, Anton Paar GmbH) by measuring blood viscosity of 14 subjects. 
Measurements were performed with shear rates of 10.0 s-1, 15.8 s-1, and 25.1 s-1 in which 
they were the overlapped regime of both devices. Accordingly, correlation plots of 
viscosities at shear rate of 10.0 s-1, 15.8 s-1, and 25.1 s-1 evaluated R-Squared of 37.76%, 
41.36% and 50.96% respectively. The limitation of this experiment was the developed 
device was relied on room temperature which was managed to 20°C. In addition, the 
maximum frame rate of camera (30 frame per second) was a restriction to access shear 
rate greater than 30.0 s-1. To enable this, a high-speed camera was used for image 
acquisition in the device. In addition, further device modification is needed for enabling 
precisely temperature control of the sample to achieve more reliable result. 
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Furthermore, it should be noted that the length scale rheological characterisation of 
developed device lay on small length scales (micrometres) from passive 
microrheological measurement [225], [234], [236]. In contrast the reference rheometer 
has a length scale which is much larger (of the order of millimetres) [225], [234], [236], 
and as a result, this constrains validation with the different length scale systems. 
 
Monitoring of blood viscosity undergoing storage was also analysed in this work. From 
the results, viscosity was seen to progressively increase at high shear rates. In contrast 
to low shear rate, viscosity rapidly declined in the first week and it then increased 
afterwards. As expected, this trend of viscosity was due to the loss of RBCs 
aggregability, followed by haemolysis as previously characterised [265].  
 
The developed device was also demonstrated for investigating of whole blood viscosity 
in stroke patients and healthy individuals. Statistical analysis of interference between 
two groups were examined by t-test. At shear rate of 25.1 s-1, the result indicated p-
value of 0.0007 which infers the means between these two groups are different at 
confidential level of 99%. Thus, the device was able to differentiate two groups which 
could be used as a parameter for risk assessment of Stroke. However, a further study 
is necessary due to small sample sizes of both groups are examined in the test. 
 
Despite whole blood and blood plasma viscosities, viscoelastic behaviours and viscosity 
of human saliva were also investigated by the developed device. A whole saliva sample 
revealed shear thinning behaviour according to the experiment. The finding was 
confirmed by several studies indicated the saliva exhibited lubrication function to oral 







Chapter 7  
Discussions, Conclusions, and Outlook 
In this final chapter, the main findings of the experiments are described, summarised 
and discussed, together with the conclusions that can be drawn. In addition, 
suggestions over improvements and potential applications are gathered to expand and 
advance the approach for future work. 
 
7.1. A portable DDM based device 
In this thesis, a developed portable device was shown for quantitative measurements 
of rheological behaviour of biological fluids. This device was based on differential 
dynamic microscopy (DDM) which was able to perform light scattering experiments 
using image analysis. In general, the DDM is implemented using a standard light 
microscope with a white light illumination source. However, limitation of light source 
selection of the typical DDM brings difficulty to conduct experiments in some 
biological fluids. For example, visible light is mostly absorbed by human whole blood 
but near-infrared light. For this reason, an interchangeable fibre-coupled light source 
was employed for sample illumination of our developed device.  
 
In comparison to mechanical rheometer, the developed device requires less than 10.0 
μL of sample volume. In contrast to the developed device, the rheometer demands at 
least 1 mL of sample volume. In addition, the device is more sensitive to weak 
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responses due to microscale measurement by tracing movement of the embedded 
microparticles. Whereas, the mechanical rheometer provides average responses from 
millimetre length-scale measurement. However, measurement obtained using both 
approaches should follow similar trend. 
 
In practice, the DDM acquires a sequence of images using a digital camera equipped 
with a standard light microscope. Then, image subtraction is applied to all the images 
in the sequence separated by a fixed lag time. This procedure has a notable benefit 
for eliminating a contribution of static signal in those images, i.e. container marks and 
dust particles. Following this, Fourier analysis is performed over the subtracted images 
to obtain a two-dimensional Fourier power spectrum. To simplify the analysis, the 
two-dimensional Fourier transform is reduced to one-dimension by radial averaging 
from its centre. This is due to the fact that the two-dimensional Fourier power 
spectrum is symmetrical. Indeed, this procedure achieves more reliable information 
from statistical averaging. However, the scattering around the centre may not yield a 
good statistic because of only fractional pixels are averaged. Finally, nonlinear fitting 
is applied to the power spectrum to obtain intermediate scattering function which is 
equivalent to the DLS experiment. By further processing, this function enables a key 
access to two complementary measurements which are those of particle sizing 
(Chapter 5) and rheological properties of a fluid (Chapter 6). 
 
7.1.1. Time-stamp in image acquisition 
As opposed to typical DDM, our developed device exploited a low-cost webcam (~£20) 
for data acquisition. Due to the webcam data transmission protocol, some images 
might be discarded during the data transmission because the images must be 
transferred in real-time. As a result, incorrect time information was recorded and leads 
to misinformation processed by typical DDM analysis (in Chapter 2). The reason for 
this was the typical DDM assumes a fixed lag-time (fixed frame rate) for all images 
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in the sequence. To tackle this problem, an image time-stamp procedure was 
implemented in this thesis to record actual time information of the acquired images. 
Accordingly, DDM precisely associates the actual time information into its calculation. 
Hence, this modification of DDM analysis tackled image discarding issue during the 
image transmission. As a result, the modification yields a more reliable result than the 
typical DDM procedure (section 3.3.1). 
 
7.1.2. Evaluation of viscoelastic moduli 
In rheological measurement, DDM has been demonstrated as a tool to characterise 
mechanical property of fluids by employing micro-size particles in a measuring fluid 
as tracer particles. These particles undergo Brownian motion due to random forces. 
Accordingly, DDM measures displacement of those particles to infer rheological 
properties based on passive rheology principle. A remarkable advantage of this 
principle is it does not require external force, therefore, this principle is simple to 
implement. As opposed to particle tracking microrheology, the displacement can be 
retrieved from intermediate scattering function without having a time-consuming and 
complicated tracking algorithm exploited. To obtain viscoelastic moduli, the 
displacement are usually converted using generalised Stokes-Einstein relation. 
However, this numerical conversion produces artefacts around high frequency (section 
4.4.2). This is because, the generalised Stokes-Einstein relation has two-step numerical 
conversion. An alternative approach to tackle this issue is a direct conversion method. 
This approach directly converts mean square displacement to viscoelastic moduli. 
From this reason, the viscoelastic moduli are quantified using the direct conversion 
method throughout the study. 
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7.2. Particle size distribution 
In this study, a numerical inversion method for obtaining particle size distribution 
was implemented for the developed DDM based device. By exploiting non-negative 
least square (NNLS), a particle size distribution of the suspension was measured 
(detailed in Chapter 2). In Chapter 5, demonstrations of the approach were carried 
out with various suspensions of colloidal particles. Apparently, the obtained particle 
size distribution was comparable to a standard dynamic light scattering (DLS) system. 
From the experiment, the obtained distribution shown a narrower distribution than 
that obtained from the DLS measurement. This was because, the developed device 
was able to collect scattered light from multiple angles from a single measurement. 
Whilst, the reference DLS could collect only a certain scattering angle. In addition, 
the obtained particle size distribution beyond the resolution limit of the device could 
be observed.  
However, there was unexpected noise in the obtained distribution as the size of 
particles become smaller. The noise might be generated by electronic noise and heat 
of the camera. For mixtures of colloidal particles, larger particles were influenced more 
to the intensity in the distribution when particles populations were equalised (due to 
larger particles occupying more in pixel representations). Furthermore, the gap size 
between both populations was a major parameter that the developed device was able 
to differentiate. For single fold gap size, there was a crossover region between two 
population in the obtained particle size distribution. However, there was a negligible 
crossover region from more than twice gap size difference. The developed system 
distinguished two mixing populations with twice-size difference while the reference 
DLS system could not differentiate the populations. 
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7.3. Viscosity measurement of biological fluids 
Majority rheological experiments of biological fluids are carried out particularly in 
steady-shear experiment. As opposed to steady-shear experiment, oscillatory-shear 
experiment can be observed by passive microrheology. As a result, complex viscosity 
can be obtained by the principle. However, the complex viscosity was converted to 
the corresponding steady-shear viscosity using an empirical relationship called Cox-
Merz rule. Thus, steady-shear viscosity of sample fluids were obtained using the Cox-
Merz relationship in this work.  
 
 
Human saliva functioned as a protective material to oral surfaces. The primary 
rheology function of the saliva is lubrication and is reported as a shear thinning fluid. 
As expected, the obtained viscosity indicated a shear thinning behaviour.  
 
However, viscosity measurement of the human whole saliva was not easy obtained, as 
the collected saliva was opaque by suspension of particulates. Accordingly, these 
particulates contributed significant influences to the signal measured by our developed 
device. Therefore, pre-processing of the saliva is necessary to eliminate such 
particulates. In this study, human whole saliva was pre-processed by two approaches 
which were centrifugation and filtration. In centrifugation, the saliva was centrifuged 
to settle the particulates and only the supernatant was reserved for the measurement. 
Moreover, the obtained supernatant was recentrifuged for purification.  
 
In filtration, the saliva was pass through a membrane filter with mesh size of 0.2 µm. 
At this mesh size, particulates below the resolution limit of our developed system were 
removed. However, viscosity of the filtered saliva was lowered by the process, and the 
measured viscosity may not represent its actual value. This is because, the filter mesh 
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breaks apart protein chain structure of the saliva. Thus, particulates filtration of saliva 
should be avoided for rheological measurement. 
 
In human blood plasma, the obtained result indicated steady-shear viscosity was 
dependent on applied shear rate. Precisely, it was slightly declined as an increasing of 
shear rate and behave like a shear thinning fluid. Similar to recent studies, plasma 
behaved as a viscoelastic material in extensional rheometry(studies also suggested that 
rotational rheometer cannot stretch the proteins in plasma effectively [288]). 
 
For human whole blood experiments, near infrared light is employed for illumination 
due to the blood absorbs most of visible light. Only approximately 6.0 µL of sample 
volume was required to fill in an disposable in-house microchamber. This is much 
smaller compared to the sample volume required by a mechanical rheometer. Then, a 
coverslip was placed on top of the sample with nail polish to seal around the edge of 
the coverslip. This procedure prevented the sample being in contact with air and 
drying out.  
 
In addition, the rheological measurement is not interfered by protein layers, as the 
blood has no direct contact with air. There are no tracer particles added since the 
RBCs are used as the tracer particles. The obtained steady-shear viscosity indicates 
the blood sample exhibits shear thinning behaviour which is consistent to the 
characteristic previously described [289], [290]. Furthermore, viscosity of blood storage 
was investigated for both of low and high shear rate. At low shear rate, viscosity of 
the blood rapidly declined and reached the lowest value after a week of storage. 
Subsequently, the viscosity considerably rose and reached the highest value on the 
last day of measurement, and observation that might be related to loss of aggregability 
of the RBCs during the first week of storage. For high shear rate, the viscosity was 
slightly declined for a week. Thereafter, it considerably increased, to reach the highest 
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value on the last day of measurement. As expected, this trend of viscosity was also 
found in the studies [291], [292]. 
 
The blood samples of 4 healthy individual and 13 strokes patients also investigated in 
this thesis. From determining viscosity of the whole blood samples, the developed 
device was also shown a moderate correlation when validated with a mechanical 
rheometer with R-squared of 50.89% at shear rate of 25.1 s-1. This moderate correlation 
might be caused by the constraint of the measurement. First, the developed device 
cannot control the sample temperature. Second, the length scale of measurement were 
different in both devices which are micrometres in the developed device and 
millimetres in the mechanical rheometer. Third, the maximum viscosity that the 
developed device performed well roughly around 6.0 mPa.s (see Table 4.2). 
Nevertheless, the maximum viscosity was relatively low compared to the blood 
viscosity obtained by the rheometer in the experiment which was above 6.0 mPa.s. 
To overcome this problem, the blood could be either diluted by its plasma or measured 
at high shear rate. However, dilution of the blood sample nonlinearly decreases its 
viscosity. In addition, the diluted blood sample may lost the shear thinning 
characteristic and becomes a Newtonian fluid as in [293]. Thus, increasing of the frame 
rate of the camera used by the device to measure high shear rate measurement could 
be more practical approach to achieve more reliable result.  
 
Statistical testing of the viscosity obtained by the developed device in healthy subjects 
and stroke patients were investigated. The result of a t-test shown that the viscosity 
of two group were different with p-value of 0.007, such that there was a significant 
difference between viscosity of healthy individual and stroke patients with confidential 
level of 99%. As expected, this preliminary result was in agreement with prior studies.  
 
In conclusion, we shown that the developed DDM based device allowed for rheological 
studies of biological fluids particularly in Human body fluids. These fluids have not 
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yet studied using the DDM approach. In addition, the developed device uses an 
disposable microchamber that contains small sample volume of 6.0 µL, as might be 
required in point of care diagnostic settings. However, tracer particles that are moving 
proximity to surface of the microchamber slow down motion of the particles. This 
behaviour is due to hydrodynamic interaction from the presence of the surface causing 
Stokes drag force to increase. As a result, the viscosity measurement using the 
developed device could be overvalued. Nevertheless, the increase of Stokes drag force 
can be corrected by a factor given by Faxén correction [294] which is not implemented 
in this work.  
 
7.4. Future work 
Our developed device could be improved by using a temperature control unit for the 
fluid sample to ensure the fluid is equilibrated at the desired temperature. This would 
be of benefit for investigation of biological fluids at body temperature. In addition, 
the temperature control would minimise temperature influences by surrounding 
environment. However, the temperature control system must not consist of mechanical 
movement to avoid vibration to the whole device (image difference analysed by the 
DDA would produce unexpected movement signal caused by the movement). 
Employing a high frame rate camera to the developed device would also be a key 
improvement for investigating rheological responses at wider frequency range.  
 
Another potential advancement of our device could be applicable for friction and 
lubrication study as known as tribology. By employing silica microspheres as tracer 
particles, these heavy particles would sediment on measuring surface and experience 
Brownian motion. As a result, mobility of the particles would be reflected by the 
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Preliminary study of rheological behaviour on 
chemistry-modified surfaces 
In this preliminary study, mobility of silica microparticles onto two surface chemistry-
modified systems comprising hydrophilic and hydrophobic surfaces were observed. 
These two heterogeneous surface modifications indicate how the surface absorb or 
repel water. In hydrophilic, water tends to spread across the surface called wetting, as 
opposed to hydrophobic-treated surface, where water is repelled causing droplets to 
form.  
 
To create a hydrophilic surface, a glass slide was sonicated in acetone for 10 mins. 
Then, the slide was washed with methanol and air dried. After that, the slide was 
plasma-treated with oxygen plasma asher for a few min to form hydrophilic surface.  
 
To create a  hydrophobic surface, this slide was immersed in a mixture of heptane and 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 10 mins. Then, the slide was washed 
with clean, running water followed by air dried.  
 
To obtain rheological measurement, aqueous solution of silica microparticles with 
diameter of 2.56 µm were added on surface-modified glass slide. Due to the fact that 
the particles were more dense than water, the particles settled on the surface of the 
surface-modified glass slide. Then, the movement of particles are recorded to further 
analysed with the DDA. From this analysis, the mean square displacement of the 
particles was obtained as regard to Figure A.1. 
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Figure A.1. Mean square displacement of 2.56 µm silica microparticles on hydrophilic (opened-circle 
symbol) and hydrophobic (upward-triangle symbol) surfaces. 
 
Figure A.1 shows that the measured mean square displacement of hydrophobic-treated 
surface was slightly higher than hydrophilic-treated surface. That is, the microparticles 
can spread further after the surface was hydrophobic-treated. These mean square 
displacements were calculated to obtain viscoelastic moduli and steady-shear viscosity 









































































Figure A.2 Rheological study of surface modified glass slides using spherical silica microparticles with 
diameter of 2.56 µm. (a) Storage and loss moduli of hydrophobic (hollow symbols) and hydrophilic 
surfaces (solid symbols). (b) The corresponding steady-shear viscosity from performing Cox-Merz rule 
on (a). 
 
From Figure A.2, viscoelastic moduli of water around chemical-treated surfaces of 
hydrophilic and hydrophobic were revealed. In Figure A.2(a), loss modulus of water 
on the hydrophilic-treated surface was higher than those obtained in hydrophobic 
surface. However, the storage moduli of water on these surface-modified glass slides 
were slightly different. As a result, the corresponding steady-shear viscosity of 
hydrophobic surface was slightly lowered than hydrophilic surface. The surface 
viscosities of hydrophobic and hydrophilic surface can be compared to water viscosity 
as shown in Figure A.3. 
 




















































Figure A.3 Viscosity of deionised water and viscosity of deionised water on chemistry-modified 
surfaces at 20°C. The viscosities on the surface were obtained by using 2.56 µm silica microparticles 
whereas off-surface viscosity was obtained by exploiting 1.54 µm colloidal microparticles to probe. 
 
It was apparent from Figure A.3 that viscosities of water on both of hydrophobic and 
hydrophilic surfaces were higher than off-surface viscosity. This might be related to 
surface roughness and emerging of hydrodynamic effect in close proximity of surface 
[296].  
 
These preliminary results could be allow for surface investigation using our developed 
device. Hydrophobic-treated of glass surface elevated mobility of silica microparticles 
and a fall in the obtained loss modulus. Accordingly, the corresponding shear-viscosity 
of water on the surface was considerably fell off than the hydrophilic glass surface. 
However, these preliminary results only showed viscosity measurement characteristics 
of such chemistry-modified surfaces. A further improvement on the analysis could 
allow for obtaining the surface friction. 
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